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ABSTRACT
ROLE OF NANOPHASE OXIDES IN SHORT-TERM ATMOSPHERIC CORROSION
OF STRUCTURAL STEELS
Rama Balasubramanian 
Old Dominion University, 2003 
Director: Desmond C. Cook
Systematic studies on the development of nanophase iron oxides in the corrosion 
products of carbon and weathering steel were performed to understand the role of 
nanophase oxides in short-term atmospheric corrosion. Similarities and/or differences 
between short-term and long-term atmospheric corrosion were established by studying 
carbon steel and weathering steel coupons exposed in mild marine environments for 
short-term and comparing it with previously established long-term data. Influence of 
substitutional elements, in particular chromium, in forming nanophase goethite was 
investigated. Crystallographic, magnetic and morphological properties of nanophase 
chromium substituted goethite have been characterized in order to understand the 
protective nature of chromium-substituted goethite in a naturally weathered steel surface.
Spectroscopic investigation of the corrosion products of both carbon and 
weathering steel indicated that lepidocrocite and goethite were the predominant oxides to 
form following short-term exposures. The corrosion coatings were well layered for 
exposure times as early as 2 months. The layering was very similar to that observed on 
steel coupons exposed for more than 8 years. The outer layer was composed of 
lepidocrocite and occasionally goethite. The inner layer was mainly composed of 
nanophase goethite. The relative fraction of nanophase goethite was significantly higher 
in weathering steel compared to carbon steel at the end of six months of exposure. The
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data analysis also revealed that during the first two months of exposure weathering steel 
corrodes faster than carbon steel. However carbon steel corrodes more rapidly after 6 
months of exposure. At the end of one year, the corrosion rate of carbon steel is higher 
than weathering steel. It is proposed that during the couple of months, nucleation of 
oxides is the dominant process in both carbon and weathering steel. At the end of six 
months, a considerable amount of nanophase goethite formed on carbon steel continues 
to grow into bigger crystals. On the other hand, in weathering steel the crystal growth of a 
significant fraction of initially formed nanophase goethite is inhibited. It is proposed that 
substitutional elements like chromium inhibit the crystal growth in weathering steel. The 
crystallographic and spectroscopic data for showed that with increasing chromium 
concentration, the crystallite size of synthetic goethite measured from X-ray diffraction 
and particle length of goethite measured from Mossbauer spectroscopy and Transmission 
Electron Microscopy, became smaller. A relationship between amount of chromium 
substitution and the hyperfine magnetic fields was studied. Using magnetic relaxation 
theory, particle volume of synthetic goethite was calculated from MSssbauer 
measurements. The data can be used to extract information about particle volume of 
nanophase goethite, and the amount o f chromium concentration in the inner layer of a 
naturally weathered coating of alloyed steels.
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1CHAPTER I 
INTRODUCTION
1.1 History of Iron
Iron is the most abundant element on Earth and it accounts for nearly 33% of the 
elemental composition of earth [1]. The Encyclopedia Britannica characterizes the Iron 
Age as “ the period in the development of industry that begins with the general use of 
iron and continues into modem times” [2]. Ornamental beads from meteoric iron were 
very common in Egypt as early as 4000 B.C. Iron was used for making tools and 
weapons in Southern Europe and the Middle East well before the Christian era. Iron was 
also used for building monumental structures in India. The famous Iron Pillar in Delhi 
built during the Gupta Dynasty (300-500A.D.) has attracted the attention of 
archaeologists and corrosion technologists as it has withstood corrosion for the last 1700 
years [3].
1.2 Types of Steel
With the beginning of industrial revolution, both pure iron and alloys of iron were 
used for industrial applications. Steel is one of the most common alloys of iron used for 
industrial, structural and household applications and is clearly the prince of ferric metals. 
Steels can be classified as carbon steels and alloy steels according to the steel 
composition.
This thesis follows the format of Hyperfine Interactions.
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21.2.1 Carbon Steel
Carbon steel is iron containing 0.1 wt.% - 1.5 wt.% carbon. For all practical 
applications, carbon steels may also contain other alloying elements constituting not more 
than 2% of the steel composition. According to the American Iron and Steel Institute 
(AISI) “Steel is considered to be carbon steel when no minimum content is specified or 
required for chromium, cobalt, columbium [niobium], molybdenum, nickel, titanium, 
tungsten, vanadium or zirconium, or any other element to be added to obtain a desired 
alloying effect; when the specified minimum for copper does not exceed 0.40 per cent; or 
when the maximum content specified for any of the following elements does not exceed 
the percentages noted: manganese 1.65, silicon 0.60, copper 0.60.” [4].
Carbon steels can be subdivided into mild-carbon steels, medium-carbon steels or 
high-carbon steels according to their carbon content. Mild-carbon steels contain up to 
0.30% C. They are typically used in automobile body panels. Medium-carbon steels 
contain 0.30% C to 0.60% C. They are primarily used for structural applications. High- 
carbon steels contain from 0.60 to 1.5% C. High-carbon steels are used in applications 
requiring high-strength wires.
1.2.2 Alloy Steels -  High Strength Low Alloy Steel (HSLA)
Alloy steels contain small amounts of carbon, typically less than 0.3% and a range 
of alloying elements accounting anywhere between 2% to 30%. Alloy steels exhibit 
mechanical properties superior to plain carbon steels due to the addition of alloying 
elements such as nickel, copper, chromium, and molybdenum. They are typically used 
for structural applications, making tools and die, manufacture of heat-resistant alloys and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3utensils. Alloy steels can be subdivided as low alloy steels (containing < 8% of alloying 
elements) and high alloy steels (> 8% of alloying elements). Alloy steels used for 
structural applications are designated as High-Strength Low-Alloy (HSLA) steels. They 
are designed to provide better mechanical properties and greater resistance to 
atmospheric corrosion than carbon steels. Weathering steel is one popular type of HSLA 
steel having a low carbon content (0.05-0.25% C) in order to produce adequate 
formability and weldability. It also exhibits superior resistance against atmospheric 
corrosion due to the presence of alloying elements like chromium, manganese, nickel, 
molybdenum, copper, vanadium, niobium, titanium and zirconium used in various 
combinations.
1.3 Corrosion
1.3.1 Atmospheric Corrosion
Iron is a reasonably common element in the earth. However, most of the time it 
takes the form of rust or iron oxide. Metals can corrode in several forms caused either by 
direct chemical attack or by effect of the environmental conditions. The focus of this 
dissertation is the corrosion of the latter type, which is also termed as atmospheric 
corrosion.
A simple explanation of atmospheric corrosion is as follows: Water vapor in the 
atmosphere is often impure due to the dissolution of atmospheric pollutants like chloride 
and/or sulfate ions. If a piece of metal is atmospherically exposed, water vapor with 
some dissolved impurities from the air collects on the surface of the metal as a thin layer 
and initiates corrosion by forming localized corrosion cells called galvanic cells. Each of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4these cells starts to act on the metal, causing corrosion by electrochemical action, which 
deteriorates the metal and often causing irreversible damage to the metal [5].
1.3.2 Corrosion Costs -  A driving force to improve knowledge
Atmospheric corrosion is ubiquitous, after all everything on the Earth’s surface is 
exposed to the atmosphere be it buildings, bridges, vehicles etc. For the last several 
decades, research on atmospheric corrosion of structural steel has received enormous 
attention from Industry, Government, and Academia worldwide. This has been primarily 
due to the costs involved in building and maintaining the steel structures. The lifetime of 
steel structures is directly related to its performance against corrosion. In U.S.A. alone, 
the estimated costs of corrosion are $276 billion/yr [6]. On an average, each person in 
the United States spends about $1000/yr toward the nation’s corrosion issues. The 
detrimental effects o f atmospheric corrosion are veiy often seen on buildings, bridges, 
and automobiles, with considerable mass loss and lessening of aesthetic value. 
Significant mass losses often result in the deterioration of the strength and quality of the 
structure. Minimizing corrosion losses could save hundreds o f millions of dollars spent 
in dealing with corrosion related issues. A fundamental knowledge of the corrosion 
mechanism is important for developing long lasting solutions for the corrosion problems. 
Development of solutions to existing corrosion problems is not easy. Modeling the effect 
of atmospheric corrosion on the performance of steel is in itself a complex problem due 
to various environmental factors that control the corrosion. Therefore, to develop long 
lasting solutions for corrosion problems, corrosion mechanisms must be accurately 
characterized and understood. This involves the investigation of corrosion products that
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
form as a function of type of steel, environmental parameters, and also as a function of 
time. Once a database of information on the nature of development and transformation of 
iron oxides formed from atmospheric exposures is established, the performance of 
particular steel in a specific environment can be predicted, and any protective measures 
that are needed to improve the performance of steel can then be applied.
1.3.3 Site Corrosivity Classification
Atmospheric corrosion and its severity are commonly related to four 
parameters: air pollution, airborne salt spray or droplets, temperature and moisture. The 
rate of corrosion of any material is controlled by the corrosivity of the location, which is 
also referred to as corrosivity of the atmosphere or site corrosivity. The site corrosivity is 
determined by the atmospheric conditions. According to ISO 9223 - Corrosivity of 
Atmospheres-Classification, the environmental factors controlling atmospheric corrosion 
in a location are 1) time-of-wetness and 2) airborne chloride and sulfur dioxide 
concentrations [7]. According to the existing standards ISO 9223, any given location is 
classified for atmospheric corrosivity on a scale of C1-C5, with Cl being the least 
corrosive site and €5 offering the most corrosive environment. The time-of-wetness 
(TOW) defined as ‘the period of time during which the metal surface is covered by 
adsorptive and/or liquid films of electrolyte that are capable o f atmospheric corrosion’ [7] 
is classified on a scale o f X1-X5. The time of wetness is estimated by measuring the length 
of time when the relative humidity at the surface is greater than 80%. Similarly, the 
amount of the atmospheric airborne pollutants, chloride (Cl') and sulfur dioxide (SO2) are 
classified on a scale of S0-S3 and P0-P3 respectively. Table 1 lists the range of value
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Table 1. Range of atmospheric pollution by time-of-wetness, rate of deposition of airborne pollutants [7]
Time of Wetness (x) Sulfur dioxide (Pd) Chloride (S)
Range 
(Hours/Y ear) Category
Deposition Rate 
(mg/m2.day) Category
Deposition Rate 
(mg/m2.day) Category
x^lO ti Pd^lO Po S<3 So
10<x<250 T2 10< Pdx<35 Pi 3< S <60 Si
250<x<2500 X3 35< Pd <80 P2 60<S <300 s 2
2500<x<5500 X4 80< Pd <200 P3 300<S <1500 s 3
5500<x X5
Table 2. The corrosivity of a site determined according to the amount of C1‘, SO2 and x in an atmosphere [7]
*1 *2 *3 x4 *5
Sq-Sj §2 S3 S0-S1 S2 S3 S0-S1 S2 S3 So-S, s 2 S3 S0-S1 s 2 S3
Po-P. Cl Cl Cl orC 2 Cl C2 C3 or C4 C2 or C3 C 3orC 4 C4 C3 C4 C5 C3 or C4 C5 C5
P2 Cl Cl C l or C2 C l or C2 C2 or C3 C3 or C4 C3 or C4 C3 or C4 C4 or C5 C4 C4 C5 C4 or C5 C5 C5
P3 Cl orC2 Cl or C2 C2 C2 C3 C4 C4 C4 or C5 C5 C5 C5 C5 C5 C5 C5
Cl to C5 indicates: Least Corrosivity to Highest Corrosivity
7for TOW, Cl'and SO2 as specified by ISO 9223 for classification of site corrosivity [7]. 
The corrosivity of a site, determined according to the amount of Cl', SO2 and 1 in an 
atmosphere, is given in Table 2 [7]. For example, a site having a mean time of wetness
-j
less than 10 hours/year (ij), airborne Cl' deposition rate between 0-60 mg/m /day (So-Sj) 
and an average SO2 deposition rate 0-35 mg/m2/day (P0-P1) is classified with a corrosivity 
of C l. The site corrosivity controls the rate of corrosion for a particular material. 
Therefore, different steels will have different corrosion rates in the same site. The 
corrosion rate for the first year of exposure (rcorr) for most metals is high compared to the 
average corrosion rate (rav) measured for up to 10 years of exposure. According to ISO 
9223, the first year corrosion rates, for two surfaces, for unalloyed carbon steel range 
from 1.3 pm/year for a site with least corrosivity (Cl) to greater than 80 pm/year for the 
most corrosive sites (C5) as shown in Table 3 [7].
Table 3. First year corrosion rates (rcorr ) for carbon steel [7]
Corrosion Class Corrosion Rate (r^n-) 
pm/year
Cl <1.3
C2 1.3 < rcorr < 25
C3 25 < rcorr <; 50
C4 50 < rcorr < 80
C5 80< W  £ 200
The numerical values of the first year corrosion rate cannot be extrapolated for the 
prediction of long-term corrosion rates. The guiding values, in accordance with ISO 
9224-Corrosivity of Atmospheres-Guiding Values for Corrosivity Categories, used in
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8predicting long-term (up to 10 years) corrosion rates for carbon steel and weathering 
steel, are presented in Table 4 [8].
Table 4. The guiding values used in predicting corrosion rates (rav) for carbon steel and 
weathering steel [8]
Steel Type Average corrosion rate (rav) during the first 10 years of exposure
(pm/yr)
C 1 C 2 C 3 C 4 C 5
Carbon Steel rav <;0.5 0.5 < rav <5 5 < rav < 12 12 < rav ^ 30
ooV
I
Vocn
Weathering Steel rav ^ 0.1 0.1 < rav ^ 2 2 < rav < 8 8 < rav <15 l—~s
.
LA A 1A QO ©
Atmospheric exposures are carried out in locations classified as marine, rural, 
industrial and indoor environments. A rural atmosphere traditionally is that of the inland 
while marine atmospheres are associated with coastal areas and up to several kilometers 
inland. The range of the marine environment whether be it 100 meters from the shoreline 
or ten kilometers inland can be extended by strong winds and the high surf at the shore. 
The industrial atmosphere is an environment that may contain large concentrations of 
industrial effluents like sulfur dioxide or nitrous oxide. In many areas a combination of 
marine and industrial atmospheres are present [9].
1.3.4 Current Knowledge
To study the effect of atmospheric corrosion on structural steels, research has 
been traditionally performed in two ways: a) studying the steel exposed under natural 
weathering conditions and b) studying the steel exposed under simulated environmental 
conditions in a laboratory. For accurate control of exposure conditions and accelerated 
corrosion processes, the simulated exposures are preferred. However, they often do not
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9replicate the actual environmental exposure conditions [10]. Therefore, in order to 
characterize how a particular type of steel structure would perform against corrosion in 
an environment, it is best if the research is carried out in the environment of interest. 
Over the last several decades, corrosion researchers have studied the effect of 
atmospheric corrosion on many types of steel, in different environments, and for a wide 
range o f exposure times [11-13]. According to ISO standards, the exposure times are 
classified as short-term for exposure times ranging between 1-2 years and long-term for 
exposure time greater than eight years [7].
The atmospheric corrosion of weathering steel and carbon steel samples for long­
term exposures in marine, industrial and rural environment has been well characterized in 
several research articles [11-13] and also in the dissertation work of Oh [14]. The 
corrosion coatings for long periods of exposure (up to 16 years) have shown that the 
coatings formed on carbon steel were non-adherent and flaky, exposing the steel to 
further corrosion. However the corrosion coatings formed on weathering steel were 
adherent, and often bi-layered with the inner layer consisting of nanophase goethite [15]. 
The particle size of the oxides found in the inner layer of weathering steel was measured 
to be o f the order of few nanometers. It is thought that the inner layer, is impervious to 
the corrosive ions C f and SO2, and protects the steel from further corrosion. Electron 
probe microanalysis on weathering steel coupons exposed in USA for 15 years showed 
that chromium from the steel substrate accumulated in high concentrations 
(approximately 3 %) close to the steel substrate [16,17]. Recent research articles [18-20] 
and the dissertation work of Oh [14] on long term atmospheric corrosion of weathering 
steel, have supported the argument that the presence of alloying elements, particularly
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chromium, influences the formation of nanophase goethite and therefore protects the steel 
from further corrosion. Additionally chromium is known to substitute for iron to form 
nanophase chromium substituted goethite similar to aluminum-substituted goethite [21- 
23]. However no spectroscopic studies on chromium-substituted goethite have been 
performed so far, and therefore the crystallographic and magnetic properties have not 
been characterized.
In summary, from research on long-term atmospheric corrosion of structural 
steels we know that
• Weathering steel forms an adherent protective coating while carbon steel does not
• The corrosion rate of weathering steel is less than the corrosion rates for carbon steel
• The inner layer of weathering steel corrosion coatings contain large amounts of 
nanophase goethite
• Substitutional elements like chromium present in the weathering steel influences the 
formation o f nanophase goethite and/or chromium-substituted goethite.
1.4 Synopsis of this research
To augment the current knowledge of atmospheric corrosion of weathering steel 
and carbon steel, and the protective nature of the corrosion coating of weathering steel, 
one needs to know: a) how the two types of steel weather due to short-term exposures, b) 
if the initial corrosion products from short-term exposures are similar to the ones formed 
from long-term exposures, c) the role of chromium in forming nanophase goethite in 
naturally weathered steels, d) properties of chromium substituted goethite. This
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
11
dissertation project was designed to address the above-mentioned important issues 
associated with atmospheric corrosion of structural steels.
In order to understand the role o f chromium in forming nanophase goethite in a 
naturally weathered steel surface, the microstructural properties of synthetic chromium 
substituted goethite were investigated. The relationship between the amount of 
chromium substitution and the particle size of goethite has been established. The 
superparamagnetic behavior of chromium-substituted goethite has been has been studied 
for the first time from Mossbauer measurements. The correlation between magnetic 
hyperfine field measured at 77K and the amount of chromium substitution has been 
established. Measurement of particle volume of goethite for different chromium 
concentrations was performed using the data from Mossbauer spectra, and was compared 
to that of Transmission Electron Microscopy. The method of measuring the particle 
volume directly from Mossbauer measurements can be used to estimate the particle 
volume of nanophase goethite found in a naturally weathered corrosion coating.
Research on atmospheric corrosion of structural steel exposed in marine 
environments, particularly along the coastal regions of Mexico, has been a topic of 
interest for the group at Condensed Matter and Materials Physics Laboratory, Old 
Dominion University for the past several years.
Extended periods o f warm and humid conditions combined with industrial and 
atmospheric pollutants like Cl' and SO2 ions lead to high site corrosivity for many regions 
along the Gulf of Mexico and the Yucatan Peninsula. Structural failures due to 
atmospheric corrosion have resulted in serious economic loss and loss of life. One of the 
important reasons for the failure of structures is the use of carbon steel for structural
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purposes in corrosive environments that Mexico has to offer. In Mexico, carbon steel is 
commonly used for building bridges, because it is cheaper than weathering steel. 
However, in marine environments, the corrosion rate of uncoated carbon steel is nearly 
ten times higher than that of weathering steel [11]. Even the painted bridges constructed 
with carbon steel are susceptible to corrosion over a period of time as the coatings are 
porous. The paint along with the rust flakes away resulting in significant mass loss and 
eventual deterioration of the structure. Therefore painted carbon steel structure face 
greater maintenance issues in addition to environmental issues arising from bead blasting 
of the surface. Weathering steel structures, without painting, are designed to be protective 
against corrosion as they allow an adherent coating of iron oxides to develop which helps 
protect the steel from further corrosion. In the long run, use of weathering steel for 
structural applications is cost effective in terms of reduced maintenance cost and longer 
structural life.
Introducing weathering steel for structural applications in Mexico would require 
fundamental knowledge of the performance of weathering steels against corrosion in 
local Mexican environments right from early stages of exposure. Such studies have never 
been performed worldwide. One of the aims of this research is to provide enough 
information regarding the nature of corrosion products that form on weathering steel in 
marine environments in Mexico, so that the performance of weathering steel for 
structural purposes can be evaluated. This will open up the possibility of introducing US- 
produced weathering steel in Mexico in the future.
In order to completely understand the corrosion mechanism governing weathering 
steel in marine environments in Mexico, the effect of atmospheric corrosion from early
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stages o f exposure was investigated. The main focus of this dissertation is to characterize 
the corrosion products that form on weathering steel exposed in Mexico for short-terms < 
12 months. Since carbon steel has been traditionally used for structural applications in 
Mexico, a comparative study of short-term atmospheric corrosion of carbon steel and 
weathering steel was also undertaken to highlight the similarities and/or differences in the 
formation and development of iron oxides on these two types of steel.
Since it is well established that over long periods of exposure carbon and 
weathering steel corrode at different rate [11], it was of interest to see how and when 
these differences are detected if both types of steels were exposed under the same 
conditions. It was also important to study the influence of chromium in forming 
nanophase goethite, which enhances the corrosion protective properties of weathering 
steel. In short, the data from this research was used to determine:
• The oxides that formed initially on carbon steel and weathering steel from short-term 
exposures in Mexico
• If there were any similarities and/or differences in the nature of the oxides formed 
from short-term corrosion of US produced weathering steel and carbon steel
• The performance of Mexican carbon steel in comparison with US produced 
weathering and carbon steel from short-term exposures
• How the short-term atmospheric corrosion information of weathering steel compared 
to that of the previously researched and well-established long-term exposure data.
The experimental techniques, data analysis and findings are presented in several 
chapters of this dissertation, which are outlined as follows: Chapter I presents an 
introduction to atmospheric corrosion and the need to study the corrosion processes from
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early exposure stages of weathering steel and carbon steel in specific environments. The 
analytical techniques used for characterizing the iron oxides resulting from short-term 
atmospheric exposures, and chromium-substituted goethites synthesized in the laboratory 
are presented in Chapter II. X-ray diffraction, Mossbauer Spectroscopy and Micro- 
Raman spectrometry were the three main analytical techniques used for accurate 
characterization of iron oxides in this dissertation. The theory of superparamagnetism 
was used to estimate the particle volume from Mossbauer spectra. A brief description of 
the multiple-line Warren-Averbach method, used to estimate the crystallite size, is 
presented in Chapter II as a part of the X-ray diffraction analysis. The Warren-Averbach 
analysis technique was used to calculate the crystallite size of nanophase chromium 
substituted goethite.
Spectroscopic investigations of synthetic chromium goethite are presented in 
detail in Chapter III. Calculations of particle volume from Mossbauer measurements are 
presented. A correlation between the particle volume, magnetic hyperfine field and the 
amount of chromium substitution has been established for synthetic chromium substituted 
goethite. Characterization of iron oxides formed on carbon steel exposed at two mild 
marine sites and comparison of short-term atmospheric corrosion of carbon steel with 
previously researched long-term exposures is presented in Chapter IV. The comparative 
study of atmospheric corrosion on carbon steel and weathering steel exposed for up to six 
months in the same mild marine environment using X-ray diffraction, Mossbauer 
Spectroscopy measurements at 300K, 77K and Micro-Raman spectrometry is established 
in Chapter V. The correlation between time of wetness and the type of oxides formed are
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also established. Chapter VI of this dissertation presents a summary of the findings 
followed by recommendations for further studies.
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CHAPTER II
CHARACTERIZATION OF IRON OXIDES IN CORROSION
2.1 Corrosion and Iron Oxides
The corrosion products formed from atmospheric exposure of steel are 
predominantly oxides o f iron that can be categorized as Oxyhydroxides, Ferric Oxides or 
Ferrous Oxides. Accurate identification and characterization of the iron oxides, and 
measurement of the relative fraction of each oxide in a corrosion coating are required to 
understand the corrosion process. The formation and transformation of iron oxides by 
atmospheric corrosion can be investigated as a function of exposure time, if the initial 
oxides that form are accurately characterized. Some of the common oxides found in the 
corrosion products of steel are Goethite (a-FeOOH), Akaganeite (P-FeOOH), 
Lepidocrocite (y-FeOOH), Hematite (a-Fe2 0 3 ), Maghemite (y-Fe2 0 3 ), Magnetite 
(FejGO, Wustite (Fei.xO), and Ferrihydrite (FesHOsA^O) [21,24]. Identification and 
characterization techniques commonly used include
• Microscopic methods: Transmission Electron Microscopy (TEM), Scanning Electron 
Microscopy (SEM)
• Diffraction Techniques: X-ray Diffraction (XRD), Neutron Diffraction
• Spectroscopic Techniques: Mossbauer Spectroscopy, Micro-Raman Spectrometry, 
Infrared Spectroscopy
• Elemental Analysis Techniques: Energy Dispersive X-ray Fluorescence (EDAX), 
Electron Probe Micro-Analysis (EPMA), Wet Chemistry, and Ion Chromatography
(IC).
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It was well demonstrated in the dissertation work of Oh [14], that the use of X-ray 
diffraction, Mossbauer Spectroscopy and Micro-Raman Spectrometry were necessary to 
positively identify the oxides, accurately quantify the relative amount of each oxide and 
to map the location of each oxide in a corrosion coating.
In this research, X-ray diffraction was used to identify the different oxide phases 
found in the corrosion coatings of atmospherically exposed steel samples. The Warren- 
Averbach analysis, which is a rigorous analysis of the line shape of the X-ray diffraction 
patterns, was performed on the X-ray patterns of synthetic nanophase chromium 
substituted goethite to estimate the crystallite size of the samples as a function of 
chromium concentration. Transmission Mossbauer spectra were recorded at 300 K and 77 
K, for the corrosion products formed on the steel samples, to unambiguously identify the 
oxides and also estimate the relative fraction of each in the corrosion coatings. For 
synthetic nanophase chromium substituted goethite, the transmission Mossbauer spectra 
recorded at 300 K and 77 K were used to characterize the magnetic properties of goethite 
as a function of chromium concentration. The theory of superparamagnetic relaxation 
was used to calculate the particle volume of synthetic nanophase goethite as a function of 
chromium concentration. Estimation of crystallite size from X-ray diffraction and particle 
size from Mossbauer analysis was then compared to the particle size measured using 
TEM. Micro-Raman Spectrometry was used to map the location of oxides in the 
corrosion coatings on the exposed coupons. Mass loss measurements performed on 
weathering steel and carbon steel coupons were used to calculate the corrosion rates of 
the steel samples. This chapter describes the important characterization techniques, X-ray
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diffraction, Mossbauer Spectroscopy and Micro-Raman Spectrometry, used to study the 
corrosion products and nanophase chromium substituted goethite.
2.2 X-ray Diffraction
Powder X-ray diffraction (XRD) uses X-rays of wavelength about 0.1 run that 
corresponds to the interatomic distances in a solid. When X-rays impinge on a crystal, 
they are scattered in all directions by the atoms in the crystal. The elastically scattered X- 
rays from parallel planes of atoms can interfere constructively as long as the Bragg 
condition for diffraction given by
2d(hki> sinG = mA, (1)
is satisfied. The spacing between adjacent parallel planes is d(hki), and 0 and X are the 
angle of incidence and the wavelength respectively of the X-rays. The order of diffraction 
is represented by m, which can take integer values. The subscripts (hkl) are the Miller 
indices, which describe the orientation of the crystal planes. Constructive interference of 
the scattered X-rays produce enhanced intensities that correspond to diffraction peaks. 
Using the experimentally measured value of the diffraction angle, the inter-planar 
spacings, the Miller indices of the diffracting planes and lattice parameters can be 
calculated. The XRD analysis provides information of the arrangement of atoms in a 
crystal, and the lattice parameters that can be used to identify the crystal. Identification 
of corrosion products from XRD does not necessarily require complete analysis of the 
diffraction patterns and calculation of lattice parameters. Generally a comparison of the 
XRD patterns of corrosion products with those of oxide standards is sufficient to identify 
the oxide phases in rust. A study of the crystallographic properties of synthetic oxides
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
19
commonly found in corrosion products from atmospheric corrosion was carried out by 
Oh and reported in his dissertation [14] and other publications [25,26]. A summary of 
the previously published X-ray diffraction parameters of iron oxides and their patterns is 
presented in Section 2.2.1 of this Chapter. In this research, X-ray diffraction was used 
for the identification of iron oxides found in the corrosion coatings of atmospherically 
exposed steel samples by comparing the diffraction patterns of the corrosion products 
with those of the published X-ray spectra of standard oxides in Oh’s dissertation [14,24].
X-ray diffraction can be used to measure crystallite size, crystallite size 
distribution and strain in a crystal lattice. This can be achieved by rigorous analysis of the 
XRD spectra, using the Warren-Averbach method, which analyses the shape of the 
diffraction peaks [27]. In a single-phase crystalline sample, the presence of nanophase 
crystallites with some distribution in the crystallite size, and lattice strain, modifies the 
XRD line shape from its characteristic Lorentian nature to a Voigtian shape. Such 
changes in the line shape can be measured by fitting selected peaks of the XRD patterns 
to a suitable pseudo Voigtian Profile Shape Function (PSF). The PSF used in this research 
was a Pearson VII function, which is basically a convolution of a Lorentian function with 
a Gaussian Function. The estimation of crystallite size, and size distribution, using the 
PSF and Warren Averbach analysis are described in detail in Section 2.2.2.
In this dissertation, the Warren-Averbach analysis was used to estimate the 
crystallite size and crystallite size distribution of synthetic chromium substituted goethite, 
to study the effect of chromium substitution in controlling the particle size of goethite. 
Warren-Averbach analysis can also be extended to estimate the crystallite size of the iron 
oxides found in the corrosion products. However, before performing the Warren
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Averbach analysis, the XRD peaks of the corrosion products have to be deconvoluted. 
The reason is corrosion products of steel samples are usually composed of multiple 
oxides and the particle size of oxides is of the order of 5-100 nanometers, sometimes with 
significant distribution in the particle size, resulting in broad diffraction peaks. 
Additionally, the diffraction peaks of several of the oxide phases overlap. Therefore it is 
important to deconvolute the XRD peaks if one was to estimate the crystallite size of iron 
oxides found in the corrosion products by using the Warren-Averbach analysis. Using 
internal standards, XRD can also be used to quantify the fraction of each oxide 
constituting the corrosion products. However this method of estimating the relative 
fraction of each oxide is accurate only for well-crystallized systems.
2.2.1 Identification of oxides using X-ray diffraction
It has been well established in previous research on long-term atmospheric 
corrosion of steels by Oh, that the iron oxides commonly found in corrosion products 
were goethite, lepidocrocite, maghemite, magnetite and akaganeite [14,24,28], Table 5 
presents a list of the XRD parameters and Figure 1 presents the XRD patterns of the same 
synthetic iron oxide standards reported in Oh’s dissertation [14].
Goethite (a-FeOOH) has an orthorhombic crystal structure with four formula 
units/unit cell. The three most intense peaks used for identifying goethite are the (110), 
(111) and (130) planes as shown in Figure 1. Goethite has a prominent diffraction peak at 
a diffraction angle of 20 = 21.29° for the Cu Ka radiation, which is used to identify 
goethite in a mixture of oxides.
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Akaganeite (p-FeOOH) has a tetragonal crystal structure with eight formula 
units/unit cell. In a mixture of iron oxides, the presence of the (521) peak at an angle of 
20 = 56.36° uniquely identifies akaganeite.
The three most intense peaks correspond to the (310), (400) and (211) reflection 
planes at angles of 26.61°, 33.92°, 35.36° respectively. The diffraction peak at 20 = 
56.36° (for the Cu K« radiation) uniquely identifies akaganeite.
Lepidocrocite (y-FeOOH) has an orthorhombic crystal structure with four formula 
units/unit cell. The three most intense peaks used for identification of lepidocrocite are 
the (301), (200) and (020) planes. In a mixture of iron oxides, the presence of the (200) 
peak with lattice d spacing 6.2201 A corresponding to a diffraction angle of 20  = 
14.23°(for the Cu Ka radiation) uniquely identifies lepidocrocite.
Maghemite (y-FeiCh) has a tetragonal crystal structure with the three most intense 
peaks being at angles 35.75°, 57.39° and 63.00° from (311), (511) and (440) planes 
respectively. Maghemite has a non-stoichiometric spinel structure with tetrahedral and 
octahedral vacancies. Depending on whether the vacancies order in tetrahedral or 
octahedral sites the crystal structure changes from tetragonal to cubic and vice versa [29]. 
Magnetite (Fe3C>4) has a cubic structure. Maghemite and magnetite have nearly identical 
crystal structures and lattice parameters. Hence it is very difficult to separately identify 
maghemite and magnetite using X-ray diffraction alone. This limitation is overcome 
using Mossbauer spectroscopy and Raman spectrometry because their hyperfine 
parameters and Raman frequencies are different.
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Table 5. X-ray diffraction parameters of some of the prominent peaks for each 
oxide found in corrosion coating [14]
Oxide Formula 20
(Degrees)
d-spacing
(A)
I/Io Miller Index
Goethite a-FeOOH 21.29 4.1695 67.50 1 1 0
33.31 2.6874 52.95 1 3 0
34.83 2.5738 48.28 0 2 1
36.78 2.4420 100.00 1 1 1
Akaganeite p-FeOOH 26.61 3.3472 89.41 3 1 0
33.93 2.6401 85.59 4 0 0
35.36 2.5364 100.00 2 1 1
56.36 1.6361 41.77 5 2  1
Lepidocrocite y-FeOOH 14.23 6.2201 64.37 2 0 0
27.13 3.2848 63.13 2 1 0
36.41 2.4654 100.00 3 0 1
46.94 1.9342 76.05 0 2 0
Maghemite y-Fe203 30.37 2.9410 31.97 2 2 0
35.75 2.5096 100.00 3 1 1
57.39 1.6043 35.12 5 1 1
63.01 1.4741 54.14 4 4 0
Magnetite Fe304 30.26 2.9515 25.32 2 2 0
35.62 2.5188 100.00 3 1 1
56.09 1.6118 38.37 5 1 1
62.69 1.4809 55.07 4 4 0
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Figure 1. X-ray diffraction patterns of synthetic iron oxides commonly found in the 
corrosion products.
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X-ray diffraction is very useful in identifying oxides with particle size > 20 mm. 
When the particle size is below 20 nm, the diffraction peaks become broad and diffuse. 
Therefore, identification of the nanophase oxides using XRD alone becomes difficult. 
However, if the diffraction peaks are analyzed using fitting routines like Rietveld analysis 
or Warren-Averbach method, crystallographic information of nanophase oxides can be 
effectively extracted.
The X-ray diffraction measurements were performed using a Phillips APD3720 
diffractometer, with a Cu Target operating at 40 kV and 25 mA. The Cu-Ka X-rays of 
wavelength 1.540598 A were used to record the spectra. The goniometer was calibrated 
using a high purity SiC>2 standard [31]. The diffraction angles were determined using the 
standard Phillips APD peak search program. Diffraction patterns for the synthetic 
chromium substituted goethite and other powdered specimens were recorded by 
mounting about 2 gm of lightly compacted powder in a standard Phillips sample holder of 
dimensions l 5/g x l 3/g x Vi6”. For the atmospherically corroded steels, samples of the 
corroded coupon measuring 2”x l” were cut using a semi-automatic hydraulic shear 
machine. Insitu X-ray diffraction measurements were performed on the samples with the 
corrosion products attached and the samples fitted well into the goniometer sample slot 
without the need to be mounted on the Phillips sample holder. Typical corrosion coating 
had a thickness ^50 pm and X-rays penetrated through the corrosion coating to the steel. 
The diffraction patterns were recorded in the angular range between 20 and 80° with a 
count time of 1 sec and goniometer step size of 0 .02°.
2.2.2 Warren-Averbach Analysis
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The Warren-Averbach technique provides information about crystallite size and 
the size distribution by analyzing the line shapes of selected X-ray diffraction peaks. The 
line shapes are dependent on the crystallinity of the samples. Using the Fraunhofer 
diffraction theory for single slit diffraction, the intensity of a diffraction peak can be 
written as
1(0) = In
^sin2 (rca sinB/X)^
(rtasinO/X)2
(2)
where 0 is the diffraction angle, a is the width of the slit, X is the wavelength of the 
incident radiation and Imax is the maximum intensity of the diffraction peak when there 
is no phase difference between the emergent beams from the slit (0=0) [30]. In a crystal 
lattice the regular arrangement of atoms act as a three-dimensional diffraction grating for 
X-rays. The diffraction peaks become diffuse when the size of the crystal and wavelength 
of the incident beam are comparable. The relationship between crystallite size, D, and 
pure diffraction broadening b, first deduced by Scherrer, is given by
D  = — (3) 
bcos0
where k is the shape constant (usually 0.9) and 0 is the diffraction angle [31]. However 
this equation is applicable only in the case of well-crystallized materials without 
distribution in crystallite size and any lattice strain. In the case of small crystallites with 
significant distribution in crystallite size, Equation 3 is no longer valid in determining the 
crystallite size. Therefore a more refined analysis of line shapes and peak areas are 
required to estimate the crystallite dimensions. For large crystals containing no disorder 
the diffraction occurs at precisely the Bragg angles and the diffraction peak can be
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represented by a symmetrical Lorentzian as shown in Figure 2 (a). A reduction in 
crystallite size causes the peaks to broaden symmetrically as indicated in Figure 2 (b). 
The presence of distribution in crystallite size causes further broadening of XRD lines as 
indicated by the broadened Gaussian curve in Figure 2 (c). Strain causes the peaks to shift 
from their ideal unstrained positions. The combined effects of crystallite size, size 
distribution and lattice strain cause the XRD line shapes to be asymmetrically broadened. 
In general, there is also a contribution to the line broadening due to the diffraction 
instrumentation [32].
♦  (a )  L a rg e  c ry s ta ls  w ith  n o  size d is tr ib u tio n
120
20
(b )  S m all c ry s ta ls  w ith  n o  size d is tr ib u tio n
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Figure 2. Shape of X-ray diffraction peak for (a) Large crystals showing no distribution 
(b) Reduction in crystallite size (c) Reduction in crystallite size having a size distribution 
in size.
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Therefore the observed broadening h(x), of X-ray diffraction peaks can be 
represented as a combination of instrumental broadening g(x), and broadening f(x) due to 
the reduction in the crystallite size and/or crystallite size distribution and/or lattice strain
h(x) profile = g(x) instrumental profile + f(x) sample profile (4)
In order to characterize the effect of instrumental broadening (also defined as the 
instrumental-resolution function, IRF) the variation of integral breadth ((3) and/or shape 
parameter ((j>) of a suitable standard is studied as a function of diffraction angle 0 [32]. 
The integral breadth (p) of diffraction peaks is defined as the ratio of area of the 
diffraction peak (A) and the peak intensity (I) and the shape parameter (<|>) is defined as 
the ratio of integral breadth and the full width at half the maximum intensity (FWHM) of 
the diffraction peaks. From the plot of p vs 0, the line broadening at each angle is 
estimated for a standard specimen. The specimen used for modeling the instrumental 
broadening in this research was a pure standard of AI2O3, obtained from NIST [33]. The 
calculation of IRF for the standard specimen is presented in Section 3.2 of Chapter III 
along with the calculation of particle size for synthetic chromium goethite.
In order to estimate the line broadening due to the above-mentioned phenomena, 
the following section presents the theory of microstructural broadening briefly. In the 
introduction to Warren-Averbach analysis, it was mentioned that the information on 
crystallite size, size distribution and lattice strain could be extracted by carefully 
analyzing the broadening and asymmetry of the diffraction peaks. The size of the 
crystallite and strain are two measures of crystallinity. Small crystallites are more
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imperfect than large crystallites with the presence of vacancies and/or defects and/or 
strain. As mentioned previously, a reduction in crystallite size causes the peaks to 
broaden symmetrically. Strain causes the peaks to shift from their ideal unstrained 
positions.
Since strain is a measure of change in the d-spacing of a strained lattice compared 
to the unstrained ideal d-spacing, the line broadening due to strain, referred to as strain 
broadening, would vary as a function of d-spacing or diffraction angle 0. This variation 
of integral breadth ‘P’ with diffraction angle ‘0 ’, also referred to as order-dependent 
broadening, can be determined by studying the Williamson-Hall plot, (a graph of p and 
20) for the sample of interest. If the integral breadth does not vary for different (hkl) 
reflections then there is no strain in the lattice. Therefore, the line broadening arises 
solely due to the reduction in the crystallite size, size distribution and not strain [34].
Warren and Averbach have shown crystallite size and size distribution of a 
sample can be deduced from Fourier coefficients (A„) if the shape (P) of a diffraction 
peak is represented as a Fourier Series [35]
+00
P = k £ A  n(n) cos 27mm ^
-00
where m _ 2d sin 6  (6)
k
The dependence of the Fourier coefficient on order of diffraction determines 
whether lattice strain or crystallite size causes the line broadening. In equation 5, k is a 
constant and n is harmonic number for the Fourier series [35]. If An depends on order of
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diffraction, m, then the line broadening is induced by lattice distortion due to strain. 
However if A„ is independent of the order of diffraction then, the line broadening is 
entirely due to ciystallite size and/or size distribution. In order to separate the line 
broadening due to crystallite size from the line broadening due to distribution in size, the 
Fourier coefficient, An, is plotted as a function of harmonic number (n). The linear 
extrapolation of the resulting plot towards An(n)=0 yields information about mean
particle size. A plot of second derivative of A„(n)
dn2
versus n gives crystallite
size distribution [36].
In this dissertation, the XRD analysis software Winfit [37], a fitting routine 
developed by the Mineralogy Research team at the University of Erlangen, Germany, was 
used to perform the Warren-Averbach analysis for the synthetic chromium substituted 
goethite. The features provided by the software allows one to
• Model each standard and sample peak by one or more profile shape functions
• Automatically deconvolute the profiles by Stokes method [38] to remove 
instrumental broadening (g(x))
• Fourier transform the corrected profiles and the Fourier coefficients An(n) are 
plotted against harmonic number (n)
• Calculate the mean crystallite size by the linear extrapolation of the curve for 
A„(n) = 0
Estimate the size distribution by plotting ^d2An (n)  ^
dn2 j
versus n
For the synthetic chromium substituted goethite, the broadened diffraction peaks 
were fitted with WinFit. The diffraction peaks were fit using an asymmetrical
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pseudo Voigtian Function, Pearson VII function, and least squares routine to determine 
the peak positions and line broadening. The Warren Averbach analysis was performed to 
determine the crystallite size and size distribution. Different orders of reflections 
(100),(110),(130),(140), were used in the multiple-line Warren Averbach analysis to 
estimate the crystallite size, distribution and strain.
2.3 Mossbauer Spectroscopy
Mossbauer Spectroscopy named after its discoverer Rudolph Mdssbauer, involves 
the recoilless emission and absorption of y-rays by a source and an absorber nucleus. To 
understand the fundamentals of the Mossbauer effect, emission and absorption processes 
occurring between different nuclear energy states need to be considered [39]. Gamma 
rays are emitted whenever a nucleus decays from an excited state to a ground state. 
Similarly, absorption of a gamma ray results in the excitation of the nucleus to a higher
C'l
energy level. Since the nuclear energy levels nucleus are quantized, a Fe nucleus can 
emit or absorb a gamma ray with energy of 14.4keV corresponding to the energy 
difference between its ground state and first excited state. This transition is characterized
by:
Lifetime of excited state r  « 1 0-7 5 (7)
fs
Natural linewidth of excited state F = — » 1 0~8 e V (8)
r
Transitions between nuclear states occur by radiation processes involving recoil 
energy. If a nucleus emits a gamma ray of energy say Ey =14.4 keV in the forward 
direction, then momentum conservation requires the recoil of the nucleus in opposite
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direction with an energy Er. Resonance absorption by another 57Fe nucleus can be 
observed only if the nucleus is embedded in a solid matrix, so that the nucleus does not 
recoil. Only a fraction of the gamma rays is absorbed and emitted recoillessly also known 
as the recoil-free fraction (f). The recoilless process allows the 14.4 keV y-ray emitted
e0]
from a source to be absorbed by Fe in an absorber. The interaction of the Fe nucleus 
with its surroundings perturbs the nuclear energy levels of the absorber. If we assume that 
the transition energy between the ground state and the excited state for an absorber is 
perturbed by ± AE, then in order to observe resonance absorption between the source and 
the absorber, the source is Doppler shifted relative to the absorber by AE. By varying the 
velocity of the source nucleus relative to the absorber nucleus it is possible to scan 
through a range of energies, which correspond to the perturbed energy levels of the 
absorber ( 10‘7 eW).
The hyperfine parameters are different for every material and describe their 
electronic and magnetic properties. By studying the hyperfine interactions using the 
Mossbauer effect, we can identify and characterize the materials studied. The following 
Chapters briefly explain the theory of nuclear hyperfine interactions used in the 
characterization of compounds containing 57Fe.
2.3.1 Isomer Shift
The isomer shift o f the absorption lines in the Mossbauer spectrum is the result of 
the electric monopole interaction between the nuclear charge distribution and the 
electronic charge density over the finite nuclear volume. In most situations the Coulomb 
interactions between the atomic electrons and the nucleus do not allow electronic
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wavefunctions to overlap with the nuclear wavefunctions. However, the s-electrons do 
have a finite probability of being found within the nuclear volume. The overlap between 
the electronic and nuclear wavefunctions produces a change in energy due to the 
Coulomb interaction, which in turn changes the nuclear energy levels. Furthermore, the 
ground and excited states of the nucleus have slightly different radii. Therefore the 
overlap between nuclear and electronic wavefunctions will be different for the two states. 
Consequently, the change in energy will be different between the excited state and 
ground state, i.e., SEe and 8Eg respectively. For 57Fe, the energy difference, AEs= 8Ee - 
SEg, of the Mossbauer source modifies the emitted gamma energy Ey=14.4 keV by AES. 
Also, the energy shift AES is often different from that, AEa, of the absorber. The difference 
in energy shifts, AES - AEa, between the source and the absorber shows up as a shift of the 
absorption peak away from the unperturbed resonance energy Ey, by an amount 8= (SEs- 
SEa) known as Isomer Shift, as shown in Figure 3(a). To get resonance absorption, the y- 
ray is Doppler shifted, to compensate for this difference between the nuclear transition 
energies of the source and the absorber.
2.3.2 Electric Quadrupole Interaction
The charge distribution of a nucleus can deviate from spherical symmetry. A 
nucleus with non-spherical charge distribution is said to possess an electric quadrupole 
moment (Q). Nuclei with spin I <1/2 are spherically symmetric and have zero quadrupole 
moment. The ground state electric quadrupole moment (Qg) is different from the excited 
state electric quadrupole moment (Qe) due to the change in the charge symmetry between 
the ground and excited states o f the nucleus.
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In most materials, the electric charge distribution surrounding the nucleus is 
asymmetric and this results in the presence of an electric field gradient (EFG) at the 
nucleus. This EFG can be represented by a diagonal tensor with elements Vx* , Vyy, 
and the elements of the diagonal tensor satisfy the Laplace’s equation in a region where 
the charge density vanishes:
Vxs+Vyy+V2Z= 0 (9)
Appropriate choice of coordinate system allows the tensor elements to be ordered 
such that the EFG can be written as two terms, Vzz = eq (e: electric charge; q: nuclear 
charge) and the EFG asymmetry parameter written as
The components are chosen such that |Vzz|2:|Vyy|s:|Vxx|, making 0<t]:s1. The electric field 
gradient is said to be axially symmetric if  the EFG can be completely specified in terms 
of its z-component, in which r\ = 0. Vzz and r| are independent of excited state and 
ground state of nucleus.
The interaction between the nuclear quadrupole moment, Q, and the EFG 
removes the degeneracy of those nuclear states with nuclear spin I > lA. This interaction, 
characterized by the electric quadrupole splitting in a Mossbauer spectrum, can be written 
be expressed by the Hamiltonian
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#  = • e2qQ
41(21-1)
3 £ - ( i d
where 1+ and I. are the raising and lowering operators. The eigenvalues of the 
Hamiltonian are given by
E -  eQV-  
Q 41(21-1)
[3m?-1(1 + 1)] 1 +
T1
, y / 2
(12)
where mi = 1 ,1-1,— -I. In 57Fe, the excited state has a nuclear spin Ie= 3/2 and ground 
state Ig = Ms. In the presence of a non-zero EFG, the Ie= 3/2 level is split into two doubly 
degenerate sub states characterized by mi= ± 12 and mi = + Ms with energy
f  2 \m
1+H- (13)
For Ig = V2 level, E q  = 0. Therefore the ground state energy is not split as shown in 
Figure 3(b). With a powdered absorber, the quadrupole splitting shows as two lines of 
equal intensity in the Mossbauer spectrum. The separation between the two resonance 
lines corresponds to the energy difference, AEq, of the mi (+ 3/2) and mi (± 1 /2) levels for 
the excited state.
AEQ = 2s = ^ p f  ( M )
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The accepted value of Qe, for 57Fe is 0.18*1 O'24 cm2. For any particular sample, the 
electric quadrupole splitting, 2s, can be positive or negative depending on the sign of V^. 
The Mossbauer spectra of samples exhibiting pure quadrupole interaction will be 
identical for + and - Va  The sign of can be found only in the presence of a 
magnetic interaction.
2.3.3 Magnetic Zeeman Splitting
When a nucleus of spin I, and magnetic dipole moment p. = gpn I , is placed in a
magnetic field, B , there is an interaction between the nuclear magnetic dipole moment 
and the magnetic field, which completely removes the degeneracy in energy of the 
nuclear substates. This Nuclear Magnetic Zeeman Interaction, can be written by the
Hamiltonian as shown below
t f  = -g p nLB (15)
where p„ is the nuclear magneton, and g is the gyromagnetic ratio. The eigenvalues of the
Hamiltonian are
EM =-gF„BmI (16)
The nuclear energy levels are split into 21+1 components characterized by the quantum 
number mi. In 57Fe, the ground state with Ig = Vz is split into two sub states mi = +Vz and - 
Vz and the excited state with !<•= % is split into substates, mi = + 3/2, - 3/2, +  Vz and - Vz as
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shown in Figure 3 (c). There are eight “possible” transitions between the completely 
degenerate excited state and ground state levels. For magnetic dipole transitions, the 
selection rule for photon absorption allows only those transitions for which Ami = 0, ±1, 
resulting in six absorption lines, labeled in Figure 3 (c).
For a powdered sample, the ratio of the relative intensities o f the six lines (sextet) 
due to magnetic Zeeman interactions is 3:2:1:1:2:3. The data obtained from magnetically 
split MQssbauer spectra can be used to investigate the magnetic ordering details of the 
electronic structure of the atom that relate to the magnetic hyperfine field (B) at the S7Fe 
nucleus and can be used to characterize the iron based materials. The magnetic hyperfine 
field, B, is dependent on temperature and therefore the separation of sextet lines vary 
with temperature. Above the magnetic ordering temperature T (Curie Temperature, Tc, in 
the case of ferromagnetic materials or Neel Temperature, Tn, in the case of 
antiferromagnetic materials), the magnetic hyperfine field is zero and therefore no sextet 
is observed. Symmetry in the nuclear magnetic Zeeman splitting gives equal separation 
between the lines 1,2,3 and 4,5,6.
2.3.4 Combined Hyperfine Interactions
When an axially symmetric electric quadrupole interaction and magnetic dipole 
interaction (in which B is parallel to Vzz) are simultaneously present, the energy of the 
nuclear sublevels with I = 3/2 is given by
M+- (  eOV N EMQ= -g p NmIB + ( - l ) l l l 2 ^ y. (17)
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In this case the four magnetic sublevel corresponding to I = 3/2 are displaced by the same 
amount due to quadrupole interaction. However, for an angle 0 between Vzz and the 
magnetic field the energy of the nuclear sublevels is given by
E MQ = - g l i N m i B  +  ( - 1)
Hi 3cos 0 -1 (18)
The combined hyperfine interactions lead to an asymmetric sextet corresponding nuclear 
transitions as shown in Figure 4. The term within {} in equation 18 is also referred to as 
the quadrupole shift (s).
In some iron oxides like goethite the electric field gradient is at 90° to the 
magnetic hyperfine field. Therefore the value of quadrupole shift due to the combined 
hyperfine interactions will be -  14 times the quadrupole splitting due to the quadrupole 
interaction alone, (for example at temperature T s  Tn).
2.3.5 Superparamagnetic Relaxation
In magnetically ordered materials, if  the magnetic field B is not stable, it will 
fluctuate between the easy axes of magnetization. For uniaxial crystals, the magnetic field 
fluctuates 180° between the two easy axes. This magnetic relaxation, often called 
Superparamagnetism is the reorientation of the magnetic dipole moments and is generally 
observed in nanosized particles. In general, particles of ferro, ferri and antiferro magnetic 
materials with dimensions below 50nm are single magnetic domain particles [40], and the 
magnetic energy of a particle is in general proportional to its volume. For very small
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Magnetic Magnetic + Quadrupole
1=3/2
1= 1/2
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F/gwre 4. Combined quadrupole and magnetic hyperfine interactions in 57Fe, causing an 
asymmetrical shift of the magnetically split sextet [29].
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particles the magnetic energy is comparable to the thermal energy. Therefore the 
magnetization vector is not fixed along one of the easy directions of magnetization as in 
large crystals, but infact fluctuates between these directions. The effect of such magnetic 
spin fluctuations can be observed in Mossbauer spectra if  the rate of fluctuation of the 
spin is comparable to the time scale of the Mossbauer measurements (which is 
approximately the Larmor precession time xl of the nuclear magnetic moment in the 
magnetic hyperfine field) [40].
In the absence of an external applied magnetic field, the magnetization vector 
may fluctuate among the easy directions of magnetization with a superparamagnetic 
relaxation time x. For high spin flip frequency, x «  xl, a paramagnetic spectrum with 
one line, or two lines due to quadrupole splitting, instead of six lines is observed due to 
the averaging of magnetic hyperfine field to zero. For low spin flip frequency, x »  xl, 
the magnetic field is stable and the standard magnetically split Mossbauer sextet is 
obtained. In the intermediate range (x xl) a partially collapsed sextet can be observed. 
This spin relaxation, due to superparamagnetism is illustrated in Figure 5.
c*? o  q
In Fe Mossbauer spectroscopy, xl is o f the order of 10 -  10' s [41]. The 
phenomenon of spin fluctuations can be utilized to measure some of the macroscopic 
properties of magnetic materials such as particle volume and magnetic anisotropy. In this 
research superparamagnetic relaxation was used to estimate the particle volume of 
synthetic chromium substituted goethite.
For a single domain particle with uniaxial anisotropy energy, the magnetic energy 
maybe expressed by
E(0) = KV sin20 (19)
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where K is the magnetic anisotropy energy constant, V is the volume of the single 
domain particle, and 0 is the angle between the easy direction and magnetization vector 
[40,41]. The superparamagnetic relaxation time for large particles at low temperatures in 
which KV £ kT is given by
T =  T0 e
( K V /k T ) (20)
where x0 =
M
KyT
KV
kT (21)
where M is the magnetization, y0 is the gyromagnetic ratio, k is the Boltzmann’s 
constant, To ( 10'9 sec) is the pre-exponential factor [41]. As mentioned earlier, if the 
relaxation time x »  xl i.e., at low temperatures or large particle volume, the resulting 
Mossbauer spectrum will be a magnetic sextet. If the relaxation time is less than the 
Larmor precession time, i.e., at high temperatures or small particle volume, the resulting 
Mossbauer spectrum will be similar to that of a paramagnet, i.e., a singlet or a doublet. In 
the intermediate range, as the experimental temperature is varied, the Mossbauer 
spectrum is composed of a collapsing sextet.
For microcrystalline material with magnetic anisotropy energy as given by 
Equation 19, Morup et al. [42] have shown that the observed magnetic hyperfine field at 
any given temperature averages to
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Figure 5. Simulated spectra showing the relaxation of magnetic sextet due to 
superparamagnetism.
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(22)
where B0 is the hyperfine field of a well-crystallized large volume particle. The particle 
volume can be estimated from Equation 22, by measuring the magnetic hyperfine field B 
at any given temperature T, if the anisotropy constant K and Bo is known.
For microcrystalline samples showing a distribution in particle volume, the 
magnetic hyperfine field is characterized by a distribution in the magnetic field. 
Therefore, the estimated particle size using Equation 22 is a measure of the average 
particle volume. The particle size distribution is determined using the distribution in 
magnetic hyperfine field. A study of the temperature dependence of superparamagnetic 
relaxation thus gives information on the particle volume and volume distribution or 
strictly speaking on the distribution in KV because K may itself be a function of particle 
volume.
The particle volume can also be estimated by measuring the blocking 
temperature, which is defined as the temperature below which the sample is completely 
magnetic [40]. However such a definition is valid only if  the particle volume is constant 
(i.e. no distribution). In the case of samples exhibiting a distribution of particle volume, 
the blocking temperature “T b” is defined as the characteristic temperature at which the 
Mossbauer spectrum displays a 50 % contribution from the magnetic sextet and 50 % 
from the paramagnetic (doublet) component [40,41].
In this research, the Mossbauer effect was used to determine the 
superparamagnetic relaxation parameters for synthetic nanophase chromium substituted 
nanophase goethite, to measure particle volume as a function of chromium concentration.
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For the analyses o f corrosion product, the Mossbauer spectra o f the corroded coupons 
were compared with those of the published standards as presented in Table 6 .
The Mossbauer analysis was performed in the transmission geometry as shown in 
Figure 6 . The Transmission Mdssbauer Spectroscopy (TMS) apparatus consisted of 50 
mCi 57Co source embedded in Rh matrix. The source was Doppler shifted using a Ranger 
transducer. The detector used for Mossbauer experiments was a commercial proportional 
counter filled with Xe-COa gas under a pressure of 2 atmospheres. For recording the 
TMS spectra, about 25 mg of the sample was mixed with approximately 200 mg of boron 
nitride and pressed into a 0.5 inch diameter pellet. The MSssbauer spectra were recorded 
at 300 K and 77 K in a liquid nitrogen cooled cryostat. The spectra were fitted to a 
distribution of hyperfine fields and quadrupole splitting if required using the commercial 
software Recoil [43].
The Mossbauer analysis was performed in the transmission geometry as shown in 
Figure 6 . The Transmission MSssbauer Spectroscopy (TMS) apparatus consisted of 50
f 7
mCi Co source embedded in Rh matrix. The source was Doppler shifted using a Ranger 
transducer. The detector used for Mossbauer experiments was a commercial proportional 
counter filled with Xe-C0 2  gas under a pressure of 2 atmospheres. For recording the 
TMS spectra, about 25 mg of the sample was mixed with approximately 200 mg of boron 
nitride and pressed into a 0.5 inch diameter pellet. The Mossbauer spectra were recorded 
at 300 K and 77 K in a liquid nitrogen cooled cryostat. The spectra were fitted to a 
distribution of hyperfine fields and quadrupole splitting if required using the commercial 
software Recoil [43].
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Table 6. Mossbauer parameters of the standard iron oxides [21]
Oxide Temperature
K
5
(mm/s)
A(2e)
(mm/s)
B
(T)
Goethite 300 0.35 -0.24 35.6
77 0.47 -0.24 49.2
Akaganeite 300 0.38 0.55
77 0.51 -0.08 46.6
0.51 -0.08 43.5
Lepidocrocite 300 0.37 0.53
77 0.48 0.56
Maghemite 300 0.30 50.3
0.33 49.1
77 0.48 52.9
0.43 51.2
Magnetite 300 0.26 -0.02 49.2
0.67 46.1
77 0.47 -0.03 52.3
0.34 51.3
Ferrihydrite 300 0.63 0.61
4 0.48 -0.02 46±4
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Figure 6. Mossbauer instrumentation in the transmission geometry [14].
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2.4 Raman Spectrometry
Raman spectrometry, named after its discoverer Sir C. V. Raman, provides 
information on the vibrational frequencies of molecules. These frequencies depend on the 
masses of atoms in these molecules and on the strength of interatomic bonds. Thus each 
of the different bonds (Fe-O, O-H, etc) is characterized by specific frequencies. These 
frequencies also depend on geometrical arrangement of atoms in molecules. Raman 
spectra are recorded using a monochromatic laser to irradiate a specimen, and detecting 
the scattered photons. When incident monochromatic light is reflected from a surface, the 
majority of the photons are elastically scattered (Rayleigh scattering) while a small 
fraction, 10' 5 to 10-6, are inelastically scattered. The inelastically scattered photons 
constitute the Raman signal. If the incoming photon has energy Eo, the inelastically 
scattered photons would have energies Eo ± hv where h = Planck’s constant and v 
corresponds to the vibrational frequency of the sample. If the frequency of the scattered 
photon is less than the incident beam frequency, the vibrational frequency of the inter­
atomic bonds in the sample will be increased, resulting in a shift in the Raman frequency 
known as the Stokes shift. On the other hand, if  the frequency of the scattered beam is 
greater than the frequency of incident photon, the Raman frequency undergoes an anti- 
Stokes shift. To observe the anti-stokes shift, molecular vibrations of the sample must be 
in higher excited modes prior to the interactions with the incident photons. Since most 
vibrations, at room temperature, are at ground state the Stokes transitions are far more 
likely to occur than the anti-Stokes transitions. Raman Spectrometry is based on the 
measurements of Stokes shifts. Raman spectrometry provides a unique spectral 
fingerprint in identifying different materials. It has been used characterize and map the
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location of iron oxides formed in corrosion coatings of atmospherically exposed steels. 
The vibrational frequencies of iron oxides lie in the wavenumber range of 100-2000 cm'1.
A Renishaw Model 1000 Ramanscope with a 25 mW He-Ne laser (X = 633 nm) 
located at Bethlehem Steel, PA, and a Dilor-LabRam Spectrograph with a 25 mW He-Ne 
laser, located at Instruments SA, NJ, were used to record micro-Raman spectra in this 
research. The Raman spectrometer consists of a laser, focusing lenses, optical filters, 
Peltier-cooled CCD detector as shown in Figure 7. The spectra were recorded using a 
standard single grating 1800 g/mm, neutral density filters, a CCD camera and an optical 
microscope. The calibrations of the spectrometers were checked using the 521 cm ' 1 peak 
of a polished Si wafer [44] before and after the actual recording of the data.
Integrated Fiber Probe
Beam
Laser
Filter
Sample
CCD Optical
Micro
-scope
Data
Acquisition
Beam Splitter
Figure 7. Instrumentation of a Micro-Raman Spectrometer [14].
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The Raman spectra were recorded using polished metallographic cross-sections of 
the samples [45]. In order to prevent the oxide transformation in the specimen due to 
laser heating, laser power was reduced from 25 mW to 6 mW using neutral density 
filters. Two types of Raman scans were performed: a) spot scans in which the spectra 
were recorded in specific regions of interest in the corrosion coatings, and b) line scans in 
which the spectra were recorded continuously along the entire thickness of the coating at 
spatial intervals of approximately 10 pm. The line scans were performed starting from 
the outer most regions of the coating and proceeding inward toward the steel. The spectra 
were recorded using a 50X objective on the microscope. Both the spot scan and line scan 
micro-Raman spectral patterns were analyzed by comparing with Raman patterns of the 
standard oxides whose peaks are listed in Table 7, and which were well characterized in 
the dissertation work of Oh [14],
Table 7. Raman peak positions of standard iron oxides [14]
Oxide Name Formula Peak Positions (± 5 cm*)
Goethite a-FeOOH 205,247, 300,386,418,481, 549, 683
Akaganeite (3-FeOOH 314, 390,410,481,496, 549,608, 680, 722
Lepidocrocite Y-FeOOH
219,252, 311,349, 379, 528, 648
Maghemite (magnetic) Y-Fe203
212,239,261,265,292, 346,357, 
374, 380,455,486, 509, 572, 585, 
640, 662, 722
Maghemite (super-magnetic) Y-Fe203 367,495,676,711
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CHAPTER III
CHROMIUM SUBSTITUTED NANOPHASE GOETHITE
3.1 Introduction
Goethite, (a-FeOOH), is one of the most commonly occurring ferric 
oxyhydroxides, and is often identified in the rust layers of corroded steels. It is 
isostructural with diaspore (a-AlOOH). Goethite has an orthorhombic crystal structure 
with four formula units/unit cell. The basic structural unit of goethite is an octahedron, in 
which Fe3+ is located at the center. The Fe3+ is surrounded by four O2' ions and two OH' 
ions as shown in Figure 8(a). The goethite structure consists o f double chains of 
[Fe(0,0H)] octahedra linked together by sharing of oxygen atoms as shown in Figure 
8(b). The orthorhombic unit cell dimensions of goethite (ICDD # 29-713) are a = 0.4068 
nm, b = 0.9956 nm and c = 0.3021 nm [24]. Goethite crystals are usually acicular and 
elongated along the crystallographic c axis bounded by the (110) faces along the c axis 
and by (021) faces at their ends as illustrated in Figure 9 [21,24].
Some of the commonly found isostructural compounds of goethite are diaspore 
(a-AlOOH), groutite (a-MnOOH), bracewellite (a-CrOOH) and monstroseite (a- 
VOOH) [24]. The existence of isostructural compounds of goethite suggests that solid 
solutions can be formed between the two end members via isomorphous substitution of 
Fe3+ by trivalent cations like Al3+, Cr3+, Mn3+ and V3+. Among the isostructural 
compounds of goethite, aluminum substituted goethite has been extensively studied and 
well characterized [22,23,29]. Research presented in this chapter pertains to the study of 
chromium-substituted goethite because of its relevance not only in the formation of 
protective corrosion coatings in weathering steel but also in characterizing the hyperfine 
interactions due to elemental substitutions in goethite.
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OH
OH
Figure 8 (a). Structure of goethite, a-FeOOH, showing the location of Fe atom, which 
can be substituted by other trivalent cations such as Cr.
OH OH
Figure 8 (b). Structure of goethite with double chains of octahedra linked by oxygen 
atoms.
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Nanophase goethite is commonly found in the inner layer of corrosion coatings 
formed on steel surfaces [18,19]. Laboratory synthesis of stable nanophase goethite with 
particle size < 50 nm is difficult without the aid of substitutional elements. However in 
corrosion coatings, nanophase goethite with particle size less than 20 nm is commonly 
found. Several recent publications on long term atmospheric corrosion of structural steels 
have shown that, in the mild marine environment of Kure Beach, NC, at a distance of 
250 m from coastline, nanophase goethite accounted for > 55% of the total oxide 
composition and more than 80% of the total goethite [14-18,46]. The same research has 
also shown that the corrosion products formed on carbon steel contained only 30% 
nanophase goethite. After 8-10 years of exposure, nanophase goethite with particle size 
less than 15 nm was the final stable oxide that formed in the inner layer of the corrosion 
products. Similar results were observed for the corrosion coatings formed on weathering 
steel coupons exposed in Industrial and Rural environments.
c
Figure 9. Structure of orthorhombic goethite crystal [21].
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Electron Probe microanalysis of the corrosion products formed on weathering steel [47] 
has shown a high accumulation of chromium in regions where high concentrations of 
nanophase goethite were detected by micro-Raman spectrometry as shown in Figure 10.
Figure 10 (a) EPMA photograph of corrosion coating formed on weathering steel 
exposed for 16 years in a mild marine environment showing a bi-layered corrosion 
coating [47].
Figure 10 (b) EPMA measurement of chromium in the inner layer of the corrosion 
coating.
EPMA measurements have also shown an increase of up to 4 wt.% chromium in 
the inner layer of the corrosion coating [14, 47]. A series of articles by Misawa et al 
[16,17,20] have also confirmed the formation of nanophase goethite in the inner layer of 
weathering steels. In addition, analysis of corrosion coatings formed on weathering steel
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and carbon steel following short-term exposure, presented in Chapter V of this 
dissertation, also shows that the amount of nanophase goethite detected in weathering 
steel is higher compared to that in carbon steel. Both short-term and long-term corrosion 
data suggest that chromium influences the formation of nanophase goethite and this 
warrants the present study of synthetic chromium substituted goethite.
The protective rust layer, which forms on weathering steel exposed to repetitive 
wet-dry cycling, is very adherent and does not flake off the steel substrate as is 
commonly observed in rusted carbon steel. The adherent nature of the corrosion coatings 
reduces the diffusion of water and corrosive C1‘ and SO42" ions to the weathering steel 
surface, thereby reducing further corrosion. In order to understand the formation and 
corrosion protective properties of nano-phase goethite (and perhaps chromium- 
substituted goethite) under natural conditions, a study of the morphological, 
ciystallographic and magnetic properties of synthetically produced chromium substituted 
goethite has been undertaken which are presented in the following sections.
3.2 Sample Preparation and Experimental Procedure
Five samples of chromium doped goethite, ((a-Fe( 1 .X)Cr(X)OOH) where x = 0.00, 
1.44, 2.00, 7.00, 10.14 wt.%) were produced by Prof. MasatoYamashita, Himeji Institute 
of Technology, Japan. They were synthesized using the method presented in the literature 
[24]. Chromium substituted goethites were precipitated from solution of Fe(N03)3 and 
Cr(N03 )3, (with Cr/(Cr + Fe) up to 0.25 M), stored in 0.3 M KOH at 70° C. X-ray 
amorphous Cr-hydroxides and adsorbed Cr were removed by a 2 hour treatment with 2 
M H2SO4 at 80° C [24].The amount of chromium substitution was confirmed by chemical 
analysis by Yamashita [48]. For brevity, the samples containing 1.44 wt.% Cr and 10.14
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wt.% Cr will simply be referred to as 1% and 10% Cr substituted goethite throughout this 
Chapter.
The particle size was measured and reported for the pure and chromium 
substituted goethite using Transmission Electron Microscopy ( T E M )  by Yamashita [48]. 
The average length and diameter of the goethite crystals were estimated from 
measurements carried out on approximately 100 particles of each sample. X-ray 
diffraction analysis was performed at Old Dominion University, using a Phillips X-ray 
diffractometer using C u - K a  radiation of wavelength of 1.54056 A, discussed in Section
2.2 of Chapter I I .  Selected peaks of the X-ray diffraction patterns were fitted to a 
pseudovoigtian Pearson VII function, and Warren-Averbach analysis was performed to 
estimate the average crystal size and lattice strain as discussed in Chapter I I .  
Transmission Mossbauer Spectroscopy was used to record the spectra of the samples at 
temperatures of 300 K and 77 K. Spectral analyses of the data measured the magnetic 
hyperfine field and the magnetic field distribution for each sample at different 
temperatures.
3.3 Results 
3.3.1 TEM Measurements
TEM images of pure goethite, (x=0), showed that the particles were needle 
shaped with average length of 200nm and a diameter of approximately 10 nm. With 
increasing chromium concentration, the needle-like goethite crystals became more 
spherical as shown in Figure 11. As the chromium concentration increased from 0 to 2 
wt.%, the particle length decreased rapidly from 200 nm to about 30 nm. Figure 12(a, b) 
shows the dependence of mean particle length of goethite crystals as a function of 
chromium concentration measured using Transmission Electron Microscopy [48]. For 
chromium concentrations greater than 3 wt.% the particles tended to be more ellipsoidal 
with lengths decreasing to about 10 nm and then remaining constant with further increase
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Figure 11. TEM images of synthetic goethite with (a) 1.44 wt.% Cr (b) 7.00 wt.% Cr (c) 
10.14 wt.% Cr [48].
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Figure 12(a). TEM measurement of number of particles as a function of size for each 
chromium doped goethite sample [48].
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Figure 12(b). TEM measurement of particle size of goethite as a function of chromium 
substitution [48].
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in chromium concentration. The results from TEM measurements clearly indicated that 
substitution of chromium into goethite reduces the particle size to 10 nm for Cr 
concentrations ^3 wt.%. This agrees very well with the fraction of chromium present in 
the inner layer of corrosion coatings of weathering steel where large fractions of 
nanophase goethite was detected.
33.2 X-ray Diffraction
X-ray diffraction patterns of pure and chromium-substituted goethite are shown in 
Figure 13, and Tables 8(a)-8(e) list the positions, widths (FWHM), Miller Indices and 
relative intensity of the X-ray diffraction peaks of the samples.
(a ) C r = 0.00 w t.%  C r
(b) C r =  1.44 w t.%  C r
a!U (c) C r =  2.00 w t.%  C r
(d) C r = 7.00 w t.%  C r
■•“■‘■•■I mi -» i , l a .
(e) C r = 10.14 w t.%  C r
20 40 60 80
2 6 (Degrees)
Figure 13. X-ray diffraction patterns for synthetic chromium substituted goethite.
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Table 8 (a). X-ray diffraction parameters for pure goethite
20
(Degrees)
d-spacing
(Degrees)
Miller Index
(hkl)
Peak width 
(Degrees)
Rel. int
(%)
17.80 4.9802 0 2 0 0.80 14
21.26 4.1767 1 1 0 0.18 100
26.36 3.3783 1 2 0 0.08 11
33.25 2.6927 1 3 0 0.18 42
34.69 2.5841 0 2  1 0.14 23
35.99 2.4934 0 4 4 0.10 14
36.65 2.4503 1 1 1 0.20 68
39.95 2.2549 1 2 1 0.12 13
41.12 2.1936 1 4 0 0.18 16
53.17 1.7212 2 2  1 0.12 25
58.92 1.5662 1 6 0 0.12 18
61.21 1.5130 0 0 2 0.10 11
Table 8 (b). X-ray diffraction parameters for 1.44 wt.% Cr substituted goethite
20
(Degrees)
d-spacing
(Degrees)
Miller Index
(hkl)
Peak width 
(Degrees)
Rel. int
(%)
17.91 4.9485 0 2 0 0.32 11
21.38 4.1526 1 1 0 0.44 100
33.34 2.6856 1 3 0 0.48 38
34.79 2.5769 0 2  1 0.12 30
36.12 2.4847 0 4 4 0.16 22
36.7 2.4467 1 1 1 0.08 69
40.12 2.2457 1 2 1 0.24 16
41.29 2.1847 1 4 0 0.2 18
53.22 1.7199 2 2  1 0.32 32
58.98 1.5647 1 6 0 0.12 19
61.3 1.5111 0 0 2 0.24 16
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Table 8 (c). X-ray diffraction parameters for 2.00 wt.% Cr substituted goethite
26
(D e g re e s )
d -sp a c in g
(Degrees)
M il le r  In d e x
(h k l)
P e a k  w id th  
(D e g re e s )
R e l. in t
(%)
17.90 4.9513 0 2 0 0.32 18
21.25 4.1777 1 1 0 0.32 100
26.41 3.3726 1 2 0 0.56 10
33.20 2.6966 1 3 0 0.28 44
34.72 2.5816 0 2  1 0.2 42
36.08 2.4873 0 4 4 0.16 34
36.70 2.4467 1 1 1 0.44 80
40.02 2.2513 1 2 1 0.24 21
41.21 2.1888 1 4 0 0.16 23
53.22 1.7197 2 2  1 0.32 42
58.99 1.5645 1 6 0 0.16 21
61.25 1.5122 0 0 2 0.32 10
Table 8 (d). X-ray diffraction parameters for 7.00 wt.% Cr substituted goethite
26 d -sp a c in g M i l le r  In d e x  P e a k  w id th R e l. in t
(D e g re e s ) (D e g re e s ) ( h k l ) (D e g re e s ) (%)
21.30 4.1680 1 1 0 0.48 66
33.19 2.6974 1 3 0 0.96 46
44.54 2.0328 1 3 1 0.06 77
58.99 1.5646 1 6 0 0.80 17
61.35 1.5100 0 0 2 0.64 15
Table 8 (e). X-ray diffraction parameters for 10.14 wt.% Cr substituted goethite
26
(D e g re e s )
d -s p a c in g
(D e g re e s )
M i l le r  In d e x  P e a k  w id th  
( h  k  1) (D e g re e s )
R e l.  in t  
(%)
21.27 4.1738 1 1 0 0.48 74
33.10 2.7041 1 3 0 0.80 41
35.29 2.5415 0 2  1 0.48 100
37.03 2.4260 1 1 1 0.96 61
40.48 2.2265 1 4 0 0.64 50
63.30 1.4680 3 2 0 0.24 27
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As the chromium concentration increased from 0 wt.% to 10 wt.%, the intensity 
of the (110) diffraction peak, decreased from 1225 counts for pure goethite to 94 counts. 
It was interesting to observe for the samples containing 2 wt.% chromium, the (110) 
peak is the most intense peak with relative intensity of 100%. However for the 7 wt.% 
and 10 wt.% chromium substituted samples, the (021) peak at 20=  35.06° and 35.28° 
respectively corresponded to the most intense peaks at 100% relative intensity.
To estimate the crystal size and strain, the Warren-Averbach analysis was 
performed on selected diffraction peaks, in particular the (110), (120), (130), and (140). 
Prior to the fitting, the instrumental resolution function was determined using NIST 
#SRM1976 standard AI2O3 [49]. Figure 14. shows the X-ray diffraction pattern of AI2O3.
©
CM
©
©
©
00
©
20 40 60 80
20 (Degrees)
Figure 14. X-ray diffraction pattern for NIST #SRM1976 AI2O3 standard.
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The diffraction peaks were fitted to Pearson VII function using the Winfit 
software [37]. In order to correct for broadening due to Cu Kot2 radiation of the incident 
X-ray beam, the ot2-correction option in the Winfit program was chosen. The FWHM and 
the integral breadth, p, (ratio of area to the intensity of the diffraction peak) as measured 
from the fit to the data, presented in Table 9, were plotted as a function of diffraction 
angle and are shown in Figures 15(a) and (b). Over the angular range of 20°-80°, the 
values o f FWHM and p were in the range of 0.093-0.13 and 0.112-0.146 respectively.
Table 9. X-ray diffraction parameters for AI2O3 obtained from Winfit for Cu-K^i
radiation
Position
(Degrees)
Intensity Relative Intensity 
(Counts) (%)
Area
(Degrees)
FWHM
(Degrees)
Integral Breadth (P) 
(Degrees)
25.56 3635 16 490 0.118 0.135
35.11 19639 86 2876 0.120 0.146
37.75 2235 10 268 0.104 0.120
41.63 10 <1 1 0.120 0.146
43.32 9264 40 1298 0.114 0.140
52.5 5704 25 825 0.111 0.145
57.44 22944 100 2570 0.092 0.112
61.24 3412 15 384 0.092 0.113
66.43 4309 19 535 0.100 0.124
68.11 4711 21 613 0.102 0.130
74.21 431 2 58 0.114 0.134
76.77 11202 49 1404 0.100 0.125
Average 
Standard Deviation 
% Error
0.107
0.010
0.131
0.012
3%
Within experimental uncertainty, both FWHM and P did not vary with diffraction 
angle. The mean FWHM for the AI2O3 standard was calculated to be 0.107±0.010, which
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corresponds to the instrumental broadening factor for the diffractometer used in this 
research. The mean integral breadth for each of the diffraction peaks of the AI2O3 
standard was calculated to be 0.131 ±0.012.
0.150
0.130
0.110
0.090
0.070
0.050
20 40 60
20 (D eg rees)
80 100
Figure 15(a). Estimation of Instrument Resolution Function using AI2O3 standard by 
studying the variation of FWHM with diffraction angle.
'&■
|  0.300 
^  0.250 
<a. 0.200
"+3
1  0.150
I  0.100
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I  0.000
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20 (Degrees)
70 80
Figure 15(b). Variation of integral breadth with diffraction angle for AI2O3 standard.
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Following the analysis of FWHM and integral breadth (P) of the standard AI2O3, 
the standard parameter file ‘winfitstd’ of the WinFit software was then modified with the 
values of 20 and FWHM to correct for instrumental broadening. The fitting routine 
automatically corrected for the value of FWHM and integral breadths of the synthetic 
chromium substituted goethite samples.
In this research, the Warren-Averbach method was the primary analysis technique 
used for determining the crystallite size, size distribution and strain in the lattice of 
synthetic chromium goethite. In addition to Warren-Averbach method, the crystallite size 
was also calculated using the Scherrer equation, presented in section 2.2.2 of Chapter II, 
with the corrected FWHM of the diffraction peaks.
The corrected FWHM and integral breadths of all the chromium substituted 
goethite samples were measured as a function of diffraction angle as presented in Table 
10. The crystallite size from Warren-Averbach method was measured using the multiple 
line analysis, in which two reflections (110) and (130) were used to determine the Fourier 
coefficient. The Warren Averbach fit profile for the pure goethite sample is shown in 
Figure 16 (a). The calculated mean crystallite sizes from Fourier analysis are shown in 
Table 11. For the pure goethite and 1 wt.% Cr goethite, the (110) diffraction peak at 0 = 
21.15° and 21.32° respectively and the (120) peak at 0 = 26.34° and 26.42° were chosen 
for the multiple line analysis. Using Winfit fitting routine, for the pure and 1 wt.% Cr 
goethite, the multiple line analysis for the two samples yielded an average crystallite size 
of 17 and 10 nm. respectively. The results are plotted in Figure 16 (b)
As the chromium concentration increased (for x ^0.02), the intensity of the (120) 
peak diminished rapidly and therefore the next prominent reflection (130), at 0=33.23° 
was used for measuring the crystallite size. As the chromium concentration increased 
from 2 wt.% to 10 wt.% the mean crystallite size decreased from 10 nm to 3.5±0.2 nm.
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Table 10. X-ray diffraction parameters for chromium-substituted goethite from Winfit
Cr Cone. 
wt.%
Position
(Degrees)
FWHM 
(with correction)
Integral Breadth 
(Degrees)
0.00 17.80 0.183 0.247
21.25 0.174 0.322
26.34 0.237 0.352
33.23 0.221 0.308
34.67 0.140 0.219
36.65 0.166 0.264
1.44 17.90 0.336 0.447
21.32 0.533 0.702
26.42 0.554 0.645
33.31 0.456 0.535
34.76 0.185 0.296
35.44 0.247 0.364
36.72 0.377 0.555
2.00 17.89 0.509 0.749
21.21 0.784 1.070
26.39 0.301 0.384
33.23 0.607 0.777
34.73 0.242 0.384
36.66 0.496 0.702
7.00 17.89 1.452 2.149
21.20 1.796 2.716
33.08 1.314 1.527
10.14 17.93 2.682 3.990
21.20 1.544 2.033
33.21 0.943 1.150
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Plot of An versus domain size
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Wanen-Averbach, <D> from distr : 153 A 
Warren-Averbach, from slope : 195 A 
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Relative and Cummulative Size Distribution
Figure 16 (a). Warren Averbach analysis for pure goethite showing the crystallite size 
and distribution, evaluated from Fourier coefficients.
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Figure 16 (b). Measurement of crystallite size as a function of chromium substitution 
from Warren-Averbach analysis of the XRD patterns.
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Table 11. Estimation of crystallite size of synthetic chromium substituted goethite using 
Warren-Averbach analysis
Cr Concentration
(wt.%)
Peak position 
(Degrees)
Reflection Crystallite size
(nm)
Strain
(%)
0.00 21.25 1 1 0 17.5±1.2 0.06
33.23 1 3 0
1.14 21.32 1 1 0 9.6+0.2 0.09
33.31 1 3 0
2.00 21.21 1 1 0 6.3±0.2 0.14
33.23 1 3 0
7.00 21.20 1 1 0 3.1+0.2 0.16
33.08 1 3 0
10.44 21.20 1 1 0 3.5±0.1 0.16
33.21 1 3 0
The crystallite size of chromium-substituted goethite was also calculated using the 
Scherrer equation and the results are presented in Table 12. The FWHM (corrected for 
ot2 and instrumental broadening) of the diffraction peaks was used as the pure diffraction 
breadth in the Scherrer equation. The crystallite size was calculated to be ~ 45 nm for 
pure goethite and it decreased to ~ 6 nm for the 10 wt.% chromium substituted goethite. 
As discussed in Chapter 2.2.2, the estimation of crystallite size using the Scherrer 
equation has some shortcomings. Scherrer equation works well for samples having large 
crystallites showing no distribution or strain.
The variation of (3 with 0, also referred to as Williamson-Hall plots and discussed 
in Chapter 2.2.2, was plotted for selected (hkO) planes: (110), (120), (130) and (140), as 
shown in Figure 17. The plots showed that, as a function of the diffraction angle, the 
integral breadths of the profile shape function (PSF) of the X-ray patterns for the samples
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Table 12. Comparison of data analysis in estimating mean crystallite size using WinFit 
and Phillips APD program.
Data using WinFit Data from APD before profile fitting
r  CrConc. 
wt.%
Angle
(Degrees)
Intmax Area FWHM
(Degrees)
Integral Breadth 
......<'DeSrees)........
Shape
...
D
Scherrer M ean
Angle
(Degrees)
Peak width D __
Scherrer M ean
(nm) (nm)
; 0.00 17.80 127 31 0.183 0.247 0.822 43.96 45.39 17.80 63.80
1 21.25 1047 337 0474 0.322 0.677 46.47 2126 0.08 107.81
26.34 139 49 0237 0.352 0685 3444 2636
33.23 686 211 0.221 0.308 0.763 37.53 33.25 0.18 46.08
34.67 378 83 0.140 0.219 0881 59.47 3469 0 1 4 59.47
! 36.65 1189 314 0.166 0.264 0848 50.49 3665 0.20 41.86
• 1.44..... 17.90 . ....43...... ...19... 0.336....... .... 0.447............ 0.796 23.94 24.72 .....1791 .....0.32........ 25.14 3192
21.32 440 309 0.533 0.702 0822 15.17 21.38 0.44 18.38
26.42 52 34 0554 0.645 0.865 14.74 26.36
33.31 240 128 0.456 0.535 0.879 18.19 33.34 0.48
34.76 187 55 0.185 0.296 0804 45.01 34.79 0 12
35.44 26 10 0247 0.364 0.838 33.80
36.72 483 268 0.377 0.555 0.739 22.21 36.12 0.16 52.24
2.00 17.89 40 30 ’ 0.509 0.749 0.706 1581 1970 17.90 0.32 25.14 27.25
21.21 250 267 0.784 1.070 0.774 10.31 2135 0.32 2537
2639 35 13 0.301 0.384 0.794 27.12 26.41 0.56 14.58
! 33.23 164 128 0.607 0.777 0.799 1366 33.20 0.28 2962
34.73 154 59 0242 0.384 0.768 34.41 34.72 0.2 4163
36.66 348 244 0.496 0.702 0.789 1689 - .......... -
' 7.00 17.89 11 24 1.452 2.149 0.685 ' 5.54 5.45
- ................- ........ -.........
12 SJ
21.20 78 213 1.796 2.716 0.677 4.50 2130 0.48 16.85
33.08 39 59 1.314 1.527 0.863 6.31 33.19 0.96 8.64
-...... ............. ......... - ......-............... ..............................-■ ............. 35.06 0.72 11.58
, 10.14 1793 12 ~47 2.682 ........... 3990 0.677 " 3 .0 0 ..... ' 5.68
..................... ........  -.......
1360
21.20 74 150 1.544 2.033 0.781 5.24 2137 0.48 16.85
33.21 31 36 0.943 1.150 0.823 8.79 33.10 0.8 10.36
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Figure 17. Williamson-Hall plot for chromium substituted goethite.
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containing less than 2 wt.% chromium were horizontal. For the 7 wt.% and 10 wt.% 
chromium substitution, p varied with 0. However there was no linear increase in integral 
breadth as is expected for a strained lattice. Since there was no appreciable variation in
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the integral breadth of the samples, the data clearly indicated that there was no order 
dependence of the integral breadth, indicating that there was negligible lattice strain. The 
results of the strain measurements from Warren-Averbach analysis, presented in Table 
11, showed that as chromium increased from 0-10 wt.%, the measured strain in the 
lattice increased from 0.06% to only 0.16%.
33.3 Mossbauer Analysis
Transmission Mossbauer spectra were recorded at room temperature, (300 K), and 
at liquid nitrogen temperature, (77 K). The spectrum for pure goethite was a broadened 
sextet, while the spectra for the chromium-substituted goethite composed of relaxed 
sextet and a broadened doublet. The room temperature Mossbauer spectrum of large 
particle goethite having no distribution in particle size is characterized by a sharp sextet. 
However, the presence of a broadened sextet at room temperature for the pure goethite 
investigated in this study showed that the particle size possessed some distribution.
For the pure goethite, the room temperature Mossbauer spectrum as shown in 
Figure 18 (a), was fitted to a single sextet having three magnetic field components with a 
distribution in magnetic hyperfine fields and the fit results are presented in Table 13. The 
distribution of the magnetic field as shown in Figure 19 (a), was skewed toward lower 
field values. It can be clearly seen from Figure 19 (a) that hyperfine field distribution 
showed three distinct regions (1, 2 and 3). Region 1 corresponds to an average hyperfine 
field of 37.83 T and correlates to the hyperfine field of well-crystallized goethite reported 
in the literature. Region 2 corresponds to an average field of 35.71 T. This represents 
goethite particles, which are smaller than the well-crystallized goethite, and field value is 
reduced due to collective magnetic excitation, a phenomenon in which the particles 
below the Neel temperature relax about the magnetization axis. Region 3 corresponds to 
an average hyperfine field of 30.16 T and is characteristic of particles that are smaller and
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more relaxed than the particles in region 2. Perhaps the relaxation of some of particles in 
region 3 are influenced by both superparamagnetism and collective magnetic excitation
[50],
The room temperature Mossbauer spectra for the chromium-substituted goethites 
were fitted to a doublet and a sextet having magnetic components with field distribution, 
as shown in Figures 18 (b)-(e). The measured values of hyperfine parameters are 
presented in Table 13. The field distribution profiles for the chromium-substituted 
goethites are presented in Figures 19 (b)-(e).
The mean hyperfine parameters measured at 300 K for the pure goethite, were 
found to be, IS = 0.365 mm/s, A = -0.121 mm/s and B = 35.24 T for the isomer shift, 
quadrupole interaction and hyperfine magnetic field respectively. The mean hyperfine 
field also showed a distribution of about 4T at room temperature indicating that there was 
a small distribution in particle size. The value of most probable hyperfine field, from the 
distribution profile was measured to be 37.83 T and was very similar to the hyperfine 
field values for well-crystallized goethite with particle size > 200 nm reported in the 
literature [21-24,29].
For chromium concentration of 1 wt.%, the Mossbauer spectrum was 
magnetically ordered, exhibiting broadened asymmetric lines due to magnetic field 
distribution and/or magnetic relaxation. The magnetic relaxation is due to 
superparamagnetism and/or collective magnetic excitation. However, for chromium 
concentrations greater than 2 wt.%, the room temperature Mossbauer spectra showed a 
collapse in the magnetic field due to superparamagnetic relaxation. The hyperfine field 
value collapsed from about 32 T for 1 wt.% chromium to about 17 T for the samples 
containing more than 3 wt.% chromium. The distribution of the hyperfine field also 
increased to nearly 11 T for the samples containing more than 2 wt.% chromium, 
indicating that there was a significant distribution in particle size. The field distributions 
were skewed to low field values for the samples containing less than 2 wt.% chromium.
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However, as the chromium concentration increased to 7 wt.% and 10 wt.%, the 
distributions were skewed slightly to the right. The relative fraction of the doublet 
increased from 0 % to nearly 38 % as the chromium concentration increased from 0 wt.% 
to 10 wt.%. This clearly indicated that magnetic fields were relaxing more as the 
chromium concentration increased.
(a) 0.00 wt.% Cr1.00
(b) 1.44 wt.%Cr
1.00
co (c) 2.00 wt.% Cr§? 1.00
H
(d) 7.00 wt.% Cr
1.00
(e) 10.14 wt.% Cr1.00
0 2 6 8-8 -6 -4 •2 4
Relative Velocity (mm/s)
Figure 18. Transmission Mossbauer spectra recorded at 300K of synthetic chromium 
substituted goethite.
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Region 1
Region
Region 3
40
H(T)
Figure 19 (a). Hyperfine field distribution measured at 300K for pure goethite showing 
that the distribution is skewed to the left.
Region 2
Region 3
H(T)
Figure 19 (b). Hyperfine field distribution measured at 300 K for the 1.44 wt.% 
chromium substituted goethite.
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x
ST
Region 2/
Region 3
20 40
H (T)
60
Figure 19 (c). Hyperfine field distribution measured at 300 K for the 2.00 wt.% 
chromium substituted goethite.
Region 3
Region 1
Region 2 ^
o 40 600 20
H (T)
Figure 19 (d). Hyperfine field distribution measured at 300 K for the 7.00 wt.% 
chromium substituted goethite.
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Region 3
Region 1
Region 2
O
H (T )
Figure 19 (e). Hyperfine field distribution measured at 300 K for the 10.14 wt.% 
chromium substituted goethite.
Transmission Mossbauer spectra recorded at 77 K showed that all the spectra 
were magnetically ordered as shown in Figure 20, with the lines becoming broader and 
asymmetric as the chromium content increased. A magnetically relaxed doublet 
component contributing ~3% was observed in the 10 wt.% chromium substituted 
goethite. The spectra recorded at 77K were fitted to one or more sextets with a 
distribution in the magnetic fields and the fit parameters are presented in Table 13. The 
field distribution profiles are presented in Figures 21 (a)-(e).
The mean hyperfine field at 77 K decreased from 49.63 T for the pure goethite to 
44.24 T for the 10 wt.% chromium substituted goethite. The magnetic field distribution 
increased from 0.88 T to 7.30 T.
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Table 13. Fit parameters to Transmission Mossbauer spectra recorded at 300 K
Cr Cone. Site IS A(s) Sub Component o f Magnetic Field Mean Area
Component |B| C(B) Contribution |B| °'(B) Skew
wt. % (mm/s) (mm/s) (mm/s) (T) (T) (%) CD (T) (%)
0.00 HFD Site 1 0.365 -0.130 1 37.83 0.46 46.7 35.24 4.01 -1.63 100.0
2 35.71 1.57 26.9
3 30.16 4.47 26.4
1.44 QSD Sitel 0.325 0.754 0.407 4.0
HFD Site 1 0.367 -0.132 1 37.73 0.73 26.5 32.17 8.78 -1.36 96.0
2 35.83 1.46 21.0
3 32.07 3.29 19.4
4 25.09 12.56 32.6
2.00 QSD Sitel 0.359 0.641 0.324 9.9
HFD Site 1 0.362 -0.128 1 35.43 1.14 32.7 29.62 8.57 -1.24 90.1
2 31.69 2.99 29.6
4 22.80 10.76 37.7
7.00 QSD site 1 0.361 0.615 0.264 44.3
HFD site 1 0.326 -0.069 1 34.88 1.97 8.3 17.84 11.85 0.25 55.7
2 26.60 6.60 43.9
3 6.77 3.38 47.8
10.14 QSD site 1 0.356 0.619 0.265 37.7
HFD site 1 0.322 -0.073 1 35.31 2.04 7.8 17.04 12.04 0.39 62.3
2 6.35 3.56 49.0
3 25.75 7.70 43.2
77
The field distribution profiles showed that as the chromium concentration increased from 
0 to 10 w t, the FWHM of the most probable field increased from 1 T to approximately 7 
T indicated by regions 1 in Figures 21 (a)-(e). At the same time, a highly relaxed field 
with a distribution indicated by regions 2 in Figures 21 (a)-(e) broadened. Because the 
temperature is well below the Neel temperature, the reduction in the most probable field 
as a function of chromium concentration is most likely due to a) collective magnetic 
excitation, in addition to some superparamagnetic effect and/or chromium inhibiting the 
exchange interaction. Two samples, the 2 wt.% and 7 wt.% chromium substituted 
samples also showed a component with hyperfine field values of 50.0 and 51.9 T 
respectively corresponding to magnetic hematite. The contribution from hematite was 
measured to be 8.7 % and 5.2 % respectively for these samples. Neither the room 
temperature Mossbauer spectra nor the X-ray diffraction showed the presence of this 
component. Recent research findings on Fretting corrosion showed that below the Morin 
transition temperature, superparamagnetic hematite have hyperfine fields values between 
50 T and 52 T with quadrupole splitting between -0.02 to 0.2 mm/s [21]. It is common 
to find traces of hematite during the synthesis of goethite [21].
As the chromium concentration increased from 1 wt.% to 10 wt.% the measured 
mean hyperfine field decreased from 49.05 T to about 44.24 T. The correlation between 
measured hyperfine magnetic field and chromium concentrations presented in Figure 22 
showed that the field decreased linearly with chromium substitution. It is proposed that 
the reduction of the magnetic field with increasing chromium concentration is attributed 
partly to the reduction of the particle size of the goethite due to chromium substitution 
(superparamagnetic relaxation) and partly to the influence of chromium in reducing the 
magnetic exchange interaction.
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(a) 0.00 wt.%  Cr
1.00
(b) 1.44 wt.% Cr
1.00
(c) 2.00 wt.% Cr
H
(d) 7.00 wt.% Cr
1.00
1.00 (e) 10.14 wt.% Cr
10-10 -5 0 5
Relative Velocity (mm/s)
Figure 20. Transmission Mossbauer spectra recorded at 77K of synthetic chromium 
substituted goethite.
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Table 14. Fit parameters to Transmission Mossbauer spectra recorded at 77 K
Cr Cone. Site IS 8 Sub Component o f  Magnetic Field Mean Skew Mean |B| Area Area(N)
Component PI °(B) Contribution PI °P )
wt. % (mm/s) (m m /s) <T) (T) (%) (T) (T) (T) (%) (%)
0.00 HFD site 1 0.479 -0.121 1 48.85 0.54 87.9 49.63 0.88 -1.67 49.63 100.0 100.0
2 48.04 1.17 12.1
1.44 HFD site 1 0.477 -0.117 1 49.76 0.55 73.1 49.05 1.84 -3.12 49.05 100.0
2 48.19 1.05 20.6
3 43.69 3.12 6.3
2.00 HFD site 1 0.476 -0.124 1 49.64 0.43 60.3 48.48 2.34 -2.58 48.48 91.3 100.0
2 48.03 1.10 28.6
3 43.35 3.34 11.1
HFD site 2 0.488 0.158 50.00 2.02 8.7
7.00 HFD site 1 0.477 -0.080 1 48.87 0.91 41.2 44.70 8.47 -3.32 44.39 93.2 98.4
2 46.46 1.88 33.8
3 41.41 4.02 19.3
4 10.79 15.16 5.7
HFD site 2 0.458 -0.125 25.75 0.04 1.6 1.6
HFD site 3 0.504 0.134 51.89 0.07 5.2
10.14 QSD site 1 0.450 1.018 0.44 3.1 3.1
HFD site 1 0.475 -0.044 1 47.27 2.67 76.3 44.51 7.30 -2.56 44.24 71.1 71.1
2 40.19 3.71 19.2
3 16.47 1.42 4.5
HFD site 2 0,481 -0.111 48.83 0.75 25.8 25.8
Figure 21 (a). Hyperfine field distribution measured at 77 K for pure goethite showing 
very little distribution of the magnetic field.
<0
O
H (T)
Figure 21 (b). Hyperfine field distribution measured at 77K for sample containing 1.44 
wt.% chromium.
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Figure 21 (c) Hyperfine field distribution measured at 77K for sample containing 2.00 
wt.% chromium.
CO
Oo
H (T)
Figure 21 (d) Hyperfine field distribution measured at 77K for sample containing 7.00 
wt.% chromium.
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Figure 21 (e). Hyperfine field distribution measured at 77K for sample containing 10.14 
wt.% chromium.
P
2
c
8.
52.00
B(wt.% Cr) = 49.61-0.59(wt.% Cr)
50.00
48.00
46.00
44.00
42.00
40.00
6.00 8.00 10.00 12.000.00 2.00 4.00
Chromium Concentration (wt.%)
Figure 22. Correlation of mean field at 77 K with chromium substitution. The dotted 
lines represent the distribution in hyperfine field.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
83
The hyperfine field distributions increased from 0.88 T to 7.3 T as the chromium 
concentration increased from 0 to 10 wt.%. For all the samples the measured value of 
mean hyperfine field was less than the most probable field because the distributions of 
hyperfine fields were skewed more toward low field values.
As discussed in Section 2.3, the measured hyperfine field at a temperature T is 
related to particle volume [50] as
B = B0 <cos 0> = Bo {1 -(kBT/ 2KV)} (23)
Here B0 = 49.85 T, corresponds to the hyperfine field measured at 77 K for the pure 
goethite with particle size > 200 nm reported in the literature [22]. For the chromium- 
substituted goethite, the measured values of the mean hyperfine field at 77 K were used 
to evaluate KY. The particle volumes were calculated from TEM measurements by 
assuming the particles to be ellipsoidal, of width 10 nm for x< 2 wt.% Cr., and cubes of 
dimension lOnm x lOnm xlO nm for higher concentrations. The calculated particle 
volume from TEM measurements is presented in Table 15. A plot of KV as calculated 
using Equation 1 and particle volume from TEM
Table 15. Calculation of particle volume from TEM measurements
Cr. Cone. 
(wt.%)
TEM-Length
(nm)
Volume
(nm3)
Volume
(m3)
0.00 200 20000 2.000E-23
1.44 100 10000 1.000E-23
2.00 30 9420 9.420E-24
7.00 10 1000 1.000E-24
10.14 10 1000 1.000E-24
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measurement is presented in Figure 23. The data followed an exponential function as is 
expected for particles exhibiting superparamagnetism. The mean value of KV increased 
exponentially as the particle volume increased. For the pure goethite, the correlation 
between the calculated value of KV and particle volume V from TEM measurements 
gave a value of anisotropy constant K=7.78xl0 J/m . This value of anisotropy constant 
was used to estimate the particle volume and hence the particle length of the chromium- 
substituted goethite. The calculations of particle size of the synthetic goethite from 
measurement of mean hyperfine field and most probable field are presented in Table 16. 
The mean particle length was calculated to be about 45 nm for lwt.% Cr and it decreased 
to 6 nm for the 10 wt.% Cr using the value of mean field. However, the calculation of 
particle lengths from the measurement of most probable fields was consistently higher 
than the particle lengths estimated from measurement of mean fields and TEM. It must be 
noted that TEM measures the average particle length, and therefore the particle lengths 
from mean hyperfine fields closely matched with TEM measurements. The results 
plotted in Figure 24, show that the mean particle length decreased as the chromium 
concentration increased.
Well-crystallized large particle goethite has a Neel temperature of 41 OK [29]. 
Below the Neel temperature (T n)  goethite orders anti-ferromagnetically and above T n it 
is a paramagnet. As the particle volume becomes smaller due to increasing chromium 
substitution, the magnetic transition temperature would decrease due to several reasons:
(a) the strength of magnetic exchange interaction related to the volume of the magnetic 
domain is reduced
(b) superparamagnetic relaxation due to spin-flip mechanism
(c) inhibition of magnetic exchange interaction between Fe3+ in goethite due to Cr3+ ions
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3.HE-19
2.HE-19
1 .HE-19
QOCE+OO
2.0CE-231.00E-23
•5
Volume (m )
Figure 23. Variation of KV calculated from Mossbauer measurement of mean hyperfine 
field at 77K with particle volume measured from TEM.
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Figure 24. Measurement of particle size from (a) TEM (b) Mossbauer analysis.
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therefore the magnetic transition temperature for a sample having a distribution in 
particle volume is characterized in terms of Blocking Temperature, defined as the 
characteristic temperature at which 50% of the particles are magnetically ordered and 
50% are superparamagnetic. Transmission Mossbauer spectra were recorded as a 
function of temperature for the 10 wt.% chromium goethite. As the temperature increased 
from 77 K to 360 K, the collapse of the magnetic component was observed due to 
superparamagnetic relaxation, as seen in the Mossbauer spectra in Figure 25. TEM 
measurements indicated a distribution in the particle size. Therefore, the temperature 
dependence of the fraction of superparamagnetic doublet component was plotted and is 
shown in Figure 26. The Blocking Temperature was estimated to be Tb = 320 K for 10 
wt.% chromium substituted goethite.
3.4 Discussion
The morphology, ciystallographic and magnetic properties of synthetic goethite was 
studied as a function of increasing chromium substitution. The ionic radius of chromium 
is 0.061 nm while that of iron is 0.064 nm [51]. Therefore the substitution of octahedral 
Fe3+ by Cr3+ is relatively easy. Synthetic acicular goethites with rectangular cross- 
sections are elongated along c-axis and often terminate in {021} faces [51]. Several 
publications by Schwertmann and Lewis have shown that during early stages of reaction, 
goethite crystals develop thickness in the a-direction and thereafter grow in the b and c- 
directions [52,53]. Under conditions of rapid growth and in the presence of impurities, 
thin needles of high aspect ratio (ratio of crystal length to width) form. The two important 
faces are the {110} and {021} [52,53]. From TEM photos it can be seen that as the
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chromium concentration increases, the needle-shaped crystals become more spherical. 
Studies on change of morphology of goethite with the incorporation of silicate species by 
Giovanali et al [53] have shown that there is a preferential adsorption of the silicate 
species on the terminal (021) planes of the crystals which changes the morphology from 
acicular to bipyramids. For the synthetic chromium goethite, the X-ray diffraction 
measurements showed that the peak intensity of the (110) peak of goethite decreased, 
while the intensity of the (021) peak increased as the chromium substitution increased 
from 0 to 10 wt.%. The data indicates that a selective adsorption of chromium on the 
terminal (021) planes of the crystal enhances the development of the (021) planes at the 
expense of (110) planes [53]. Hence increasing chromium substitution favors the 
formation of (021) face and therefore controls the growth of goethite crystals. As the 
chromium concentration increased from 0 to 2 wt.% the shift in the position of (021) peak 
at 20 = 34.68° was measured to be 0.04°. However, for the 7 and 10 wt.% chromium, the 
shift in the position of (021) peak was measured to be 0.38° and 0.6° respectively. This 
clearly indicated that chromium substituting for iron in the octahedral site causes the 
(021) peak to shift by as much as 0.6° for 10 wt.% substitution. This change in the peak 
position or d-spacing, did not strain the lattice. The lattice strain was measured to be only 
0.16% even for the 10 wt.% chromium goethite as measured from Warren-Averbach 
analysis. One explanation for measuring little or no strain in the lattice is the fact the 
ionic radii of iron and chromium are comparable, and therefore chromium easily 
substitutes for iron producing a minimal strain in the lattice. The Warren Averbach also 
showed that the mean crystallite size decreased from 17 nm to about 3.5 nm as the 
chromium concentration increased from 0 wt.% to 10 wt.%. It must be noted that the
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T = 7 7 K
T = 1 2 0 K
T = 1 8 0 K
T = 2 2 0 K
T = 2 8 0 K
T = 3 0 0 K
T = 3 4 0 K
T = 3 6 0 K
-12 -8 0-4 4 8 12
Relative Velocity (mm/s)
Figure 25. Superparamagnetic relaxation observed in the sample containing 10.14 wt.%
chromium.
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Figure 26. Estimation of blocking temperature for the sample containing 10.14 wt.%
chromium
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X-ray diffraction analysis measures only the average crystallite size as opposed to 
particle size from Mossbauer and TEM measurements. A crystallite is the smallest 
diffracting domain in a material while a particle or grain may be comprised of many 
crystallites, depending upon the crystal perfection (e.g. grain boundaries, stacking faults, 
etc.). The crystallite size is a measurement of adjacent, repeating crystalline units.
TEM measurements showed that the average particle size was 100 nm for 1 wt.% 
and 10 nm for the 10 wt.% chromium substitution. Mossbauer measurement of mean 
hyperfine field and the calculation of particle size thereof showed that the particle size 
was -45 nm for the same pure goethite sample and 6 nm for the 10% chromium 
substituted sample. From Mossbauer measurements, the value of the mean hyperfine field 
at 77 K decreased from 49.63 T for the pure goethite to 44.24 T for the 10.14 wt.% 
chromium substituted goethite. This decrease in the hyperfine field was attributed to both 
decreasing particle size and increasing chromium concentration. While particle size 
measurements from Mbssbauer and TEM were comparable, the calculation of particle 
volume from Mossbauer measurements are more accurate due to the precision with which 
hyperfine fields can be measured and particle sizes calculated. A comparison of mean 
particle size from Mossbauer measurements with that of the mean crystallite from 
Warren-Averbach calculations of XRD peaks, show that as the chromium substitution 
increased, the particle length becomes comparable to crystallite length. The current 
findings are consistent with the fact that crystalline domain volume equals to particle 
volume in nanophase materials. The data from the current research can be extended to 
determine the amount o f chromium concentrations found in the inner layer of corrosion 
coatings of weathering steels. From the Mossbauer hyperfine fields at 77K for goethite in 
a corrosion coating, the particle volume can be estimated using Figure 23 and the amount
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of chromium can be estimated by reading the values from Figure 24. Therefore 
Mossbauer spectroscopy therefore becomes a valuable technique for measuring the 
goethite particle size and therefore the chromium concentration in the corrosion products 
on weathering steel in addition to accurately characterizing the oxides that form in 
corrosion coatings.
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CHAPTER IV
SHORT-TERM ATMOSPHERIC CORROSION OF CARBON STEEL IN
MARINE ENVIRONMENTS
4.1 Introduction
Carbon steel contains 0.2-1.5 wt.% C. They are of three types: 1) low carbon steel 
with 0.2 wt.% C, 2) mild carbon steel with 0.3-0.7 wt.% C and 3) high carbon steel 
containing 0.7-1.5 wt.% C. [54]. While low carbon steel is predominantly used for 
making sheets, wires and pipes, mild carbon steel is used mainly for structural 
applications because of high strength.
The longevity of steel in a particular environment is often measured in terms of its 
corrosion rate or mass loss at different times of exposure. The mass loss measurement 
data are usually compared with metal standards like carbon steel, zinc, aluminum and 
copper that are exposed at the same location for the same time. In general the 
atmospheric corrosion rate for carbon steel in most environments is significantly higher 
compared to weathering steel following long periods of exposure, typically 8 years or 
more [11]. It has been shown that uncoated carbon steel when atmospherically exposed in 
marine environments corrodes nearly 10 times faster than uncoated weathering steel [55]. 
Research results on long-term atmospheric corrosion in marine, rural and industrial 
environments in USA and Japan have been presented in several recent publications 
[14,18,56]. The spectroscopic characterization of oxides formed on carbon and 
weathering steel, following long-term exposures has also been studied extensively in 
previous dissertation work of Oh [14]. The data showed that following 16 years of
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exposure of uncoated carbon steel in a mild marine environment, the corrosion products 
mainly contained goethite (a-FeOOH), akaganeite ((3-FeOOH), and lepidocrocite (y- 
FeOOH). The amount of nanophase oxide formed in carbon steel was measured to be 
29±2%. After 16 years of exposure, the uncoated weathering steel formed a thick 
protective rust layer composed of 55±2% nanophase oxides located close to the steel 
substrate. Spectroscopic analyses have shown that the corrosion products were mainly 
composed of lepidocrocite and goethite with particle size ranging from 50 nm at the outer 
layer to less than 15 nm in the inner layer. It was also determined that while alloyed steels 
develop such protective inner layer, carbon steels do not [57]. Similar results were 
observed for exposures in industrial and rural environments. Therefore the corrosion rates 
of carbon steel were higher than weathering steel. Since lifetime of a steel structure is 
related to the performance of a specific type of steel against corrosion, it is important to 
monitor the effects of corrosion in specific environments right from early stages of 
exposure.
The corrosion rate is controlled by the corrosivity of the location, known as the 
site corrosivity. As discussed in Chapter 1.3.3, the site corrosivity is determined by the 
atmospheric conditions. According to ISO 9223 - Corrosivity of Atmospheres- 
Classification [7], the environmental factors controlling atmospheric corrosion in a 
location are
. time-of-wetness (classified on a scale of T1-T5)
. airborne chloride (classified on a scale of S0-S3)
. sulphate concentrations (classified on a scale of P0-P 3)
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Any given location is classified for site corrosivity on a scale of C1-C5, with Cl 
being the least corrosive site and C5 offering the most corrosive environment. Of interest 
and relevant to the research discussed in Chapters IV and V, is the classification of site 
corrosivities at specific exposure sites in Mexico. Many regions in Mexico have 
extremely corrosive environments due to high mean annual temperature (> 26°C), 
humidity (>75%), time-of-wetness and very high atmospheric pollutants. The 
environmental data at various cities along the Gulf of Mexico and Yucatan Peninsula are 
presented in Table 17 [57]. Even though the region is generally very humid, the 
environment along the Gulf coast is varied in terms of corrosivity.
The southern and western coast of Gulf of Mexico receives very high rainfall and 
very strong year round winds from the gulf [57]. This makes many locations in that 
region, in particular cities like Veracruz and Coatzacoalcos, severe marine environments
<-y
with high chloride concentrations (Cf levels greater than 150 mg/m day (S2)). However, 
along the eastern coast of the gulf, the predominant winds are offshore much of the year, 
and therefore the locations have lower levels of chloride concentrations (CF levels less 
than 75 mg/m2 day (S0,S1)). Therefore the regions along the eastern coastline of the Gulf 
of Mexico have milder marine environments. The amounts of sulfide concentrations vary 
between less than 3 mg/m2 day (P0) along the eastern coast of the Gulf of Mexico to 
more than 10 mg/m2 (PI) day along the southern coast of the Gulf of Mexico.
Therefore a basic scientific advantage of performing corrosion research in the 
tropical regions of Gulf of Mexico is the availability of exposure sites with a wide range 
of environmental conditions.
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Table 17. Corrosion classifications for the Mexican exposure sites determined from the measured time-of-wetness and 
atmospheric pollutants [57]
Site Location, Country
Distance from 
Gulf 
/Atlantic (m)
Mean
Temp.
(C)
Relative
Humidity
(%)
Time of 
Wetness
(hr/yr)
Pollutants
(mg/m2/day)
c r  s o 2.
Corrosion
Rates
(pm/yr)
Fe Zn
Corrosion
Class
(ISO)
CPI Campeche, Mx 300 26 72 4894 T4 70.5 S2 2.6 P0 C4
CP2 Campeche, Mx 4000 26 72 4576 T4 17.0 SI 2.6 P0 15 - C3
CP3 Campeche, Mx 4 26 72 4572 T4 76.2 S2 5.4 P0 78 5 C4
VC1 Veracruz Mx 1000 25 80 5439 T4 242.2 S3 6.67 PI 178 7 C5
VC2 Veracruz, Mx 700 25 80 4922 T5 384.2 S3 15.4 PI 207 9 C5
CZ2 Coatzacoalcos, Mx 4000 26 75 6520 T5 180.9 S2 24.6 PI 300 - C5
KB25 Kure Beach, NC, USA 25 18 79 4290 T4 311 S3 0.0 P0 164 5 C5
KB250 Kure Beach, NC, USA 250 18 79 4290 T4 110S2 0.0 P0 46 2 C3
BSC1 Bethlehem, PA, USA Inland 300 km - - - 5 SO 26.0 PI 76 2 C4
Code: ISO Time of Wetness Classes: T1-T5 
ISO Sulfur Dioxide Classes: P0-P3 
ISO Chloride Classes: S0-S3 
ISO Corrosion Classes: C1-C5
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4.2 Exposure Program in Mexico
It is well known that the structural materials have reduced lifetimes in a marine 
environment [55,56]. This is especially true in the developing regions in Mexico, along 
the Caribbean coastline and around the Gulf of Mexico where industrial and urban 
expansion expose buildings and other steel structures to prolonged humid, marine 
environments and high concentrations of industrial pollutants. In recent years extremely 
high corrosion rates for structural steels have been reported along the southern coast of 
Gulf of Mexico. This can be attributed to increasing occurrence of acid rain combined 
with humid environment and high marine chloride concentrations.
Until recently, very little research had been performed to determine the 
corrosivity of various regions in Mexico and to measure the effects of atmospheric 
corrosion. Corrosivity of a site directly controls the rate of corrosion. Although the 
measurement of corrosion rates is important in determining the performance of steel in a 
particular environment, the data provides no information about the nature o f the oxides 
that form as a function of the environmental condition and the steel chemistry. Therefore 
to study the effect of atmospheric corrosion in Mexico from short-term exposure, and to 
understand the two key components in atmospheric corrosion namely measurements of 
corrosion rates and nature of oxides that form, an ongoing collaborative research has been 
carried out since 1993. This involves
• Monitoring the environmental parameters at various exposure sites
• Measurement of corrosion rates of the exposure locations
• Theoretical Prediction of corrosion rates
• Spectroscopic investigation of the corrosion products
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The collaboration involves researchers from the CMMP group at Old Dominion 
University under the leadership of Dr. D. C. Cook and a team of scientists from 
Programma de Corrosion del Golfo de Mexico, Campeche, Mexico. The team from 
Mexico is involved in monitoring the environmental parameters and estimating the 
corrosion rates, while the CMMP group is involved in the spectroscopic investigation of 
the corrosion products formed on different steel types to study the effects o f atmospheric 
corrosion.
Beginning 1993, three projects were initiated to study the effect of short-term 
corrosion of structural steel in marine environments in Mexico, particularly along the 
coast line of Gulf of Mexico and Yucatan Peninsula. The first project started in April 
1993 which involved the study of carbon steel samples exposed for 12 and 7 months at 
two locations in Campeche on the Yucatan Peninsula: Service Meteorologico National 
(SMN: Site CP2), located 4 km inland, and Centro Regional de Investigation Pesquera 
Lerma (CRIP: Site CP3), located 4m from the shoreline.
During 1993, the average chloride concentration was measured to be 45 mg/m / 
day and 170 mg/m /day at SMN and CRIP respectively. The spectroscopic investigation 
of the corrosion products formed has been reported in the dissertation work of Oh [14]. 
The data showed that goethite, akaganeite and lepidocrocite were the dominant oxides. 
Mossbauer analysis of the corroded coupons showed that the relative fraction of 
akaganeite formed on the sample exposed at CRIP was 43 % while for the sample 
exposed at SMN, akaganeite constituted only 25% of the total oxide composition. The 
difference in the amount of akaganeite was explained on the basis that a higher 
concentration of chloride was detected at CRIP compared to SMN, and that akaganeite
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was known to form in high chloride environments [14]. The thickness of the corrosion 
coating for the sample exposed at CRIP for 7 months was measured to be 40 pm. This 
was approximately twice as high compared the coating thickness for the sample exposed 
at SMN for 12 months. It was also concluded that since CRIP was located closer to the 
shoreline, the marine environment was more aggressive than at SMN, and therefore 
samples exposed at CRIP would corrode faster than at SMN.
The environmental and spectroscopic data from the first project laid the 
foundation for the second project, which was initiated in May 1997. This involved the 
exposure o f Mexican carbon steel coupons for up to one year at two mild marine 
environments in Campeche: Programma de Corrosion del Golfo de Mexico (PCGM: Site 
CPI) and SMN. The two sites were chosen to study the effect of short-term atmospheric 
corrosion in mild marine environments in Mexico, which were similar to some of the 
marine environments in the USA (Kure Beach 250 m). The results from the second 
exposure project are reported in this chapter. In 1999, a third project involving the 
exposure of US-produced weathering steel and carbon steel coupons for less than a year 
at SMN, was initiated. The results of that study are presented in Chapter V of this 
dissertation.
The following sections present the environmental data at PCGM and SMN during 
1997, and results of spectroscopic analysis of the corrosion products formed on Mexican 
carbon steel from short-term atmospheric corrosion exposed at the two sites.
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4.3 Exposure Condition and Sample Preparation
The two sites PCGM and SMN, chosen for the exposure o f carbon steel coupons 
in 1997, are located in the city of Campeche as indicated in Figure 27 [58]. Campeche 
City is located on the western shore of the Yucatan Peninsula in Mexico, at 19.85° N 
latitude and 90.53° W longitude. The exposure sites, PCGM and SMN, were given site 
identification tags of CPI and CP2 respectively. The first exposure site, CPI, is located 
300-m inland from the coast at the University of Campeche. The second site, CP2, is 
located 4 km inland at the National Meteorological Center. These two sites were selected 
for exposure because of the relative proximity to the sea where the chloride 
concentrations were moderate, and also because the facilities to monitor regional 
environmental parameters were readily available at CP2. Various critical environmental 
factors like temperature, humidity, rainfall, wind direction, and wind speed were 
monitored at CP2. During the exposure period pollutants like chloride and sulfur dioxide 
were measured at each site using chloride candles and sulfation plates mounted on the 
exposure racks in accordance with ISO 9225-Measurement of Pollution [59]. Table 18 
presents the environmental conditions at the two sites monitored during the exposure of 
the carbon steel coupons. The total measured TOW at the two locations recorded at CP2 
during the 10 month exposure period was approximately 5735 hours, equivalent to 6888 
hours/yr. From Table 1, a location having a high TOW > 5500 hours is categorized as x5. 
Similarly the measured values of chloride and sulfur dioxide concentrations established 
the sites to be classified as SI and P0 respectively. Combining all three variables, (TOW, 
Cl- and S O x) to determine the site corrosivity, both CPI and CP2 were classified as 
marine sites having ISO site corrosion class C3-C4 (T5, SI, P0). The steel coupons used
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steel coupons used for the exposure were type ISI 1010, carbon steel [10] manufactured 
in Mexico. The composition for ISI 1010 carbon steel is given in Table 19.
Figure 27. Map of Yucatan Peninsula, Mexico.
Figure 28. Photo of exposure rack and carbon steel coupons at the exposure location CP2 
with the skyward surface exposed at 45° N.
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Table 18. Environmental Parameters at the two exposure sites in Campeche, Mexico
Exposure Cl'Concentration (mg/m2 day) SO2' Concentration (mg/m2 day) Average Relative
mth Period CPI CP2 CPI CP2 Temp Humidity Time-of-Wetness (Hours)
____________ Measured Total Mean Measured Total Mean Measured Total Mean Measured Total Mean (°C) (%) Measured Total Mean
May-97 1 3.69 3.69 3.69 2.04 2.04 2.04 0.38 0.38 0.38 29.7 66 459 459 459
Jun-97 2 6.27 9.96 4.98 3.08 5.12 2.56 1.09 1.09 0.55 0.45 0.83 0.42 29.6 68 548 1007 504
Jul-97 3 30.77 40.73 13.58 28.12 33.24 11.08 1.09 0.36 0.83 0.28 28.4 76 620 1627 542
Aug-97 4 23.21 63.94 15.99 28.12 61.36 15.34 4.81 5.90 1.48 4.36 5.19 1.30 28.9 77 568 2195 549
Sep-97 5 5.11 69.05 13.81 7.94 69.30 13.86 1.33 7.23 1.45 2.07 7.26 1.45 28.0 80 590 2785 557
Oct-97 6 6.12 75.17 12.53 9.75 79.05 13.18 0.26 7.49 1.25 0.16 7.42 1.24 27.0 80 720 3505 584
Nov-97 7 4.93 80.10 11.44 7.27 86.32 12.33 0.79 8.28 1.18 0.30 7.72 1.10 26.2 80 607 4112 587
Dec-97 8 11.52 91.62 11.45 12.50 98.82 12.35 0.35 8.63 1.08 0.96 8.68 1.09 23.4 78 512 4624 578
Jan-97 9 22.92 114.54 12.73 56.29 155.11 17.23 0.05 8.68 0.96 0.59 9.27 1.03 24.5 77 617 5241 582
Feb-97 10 22.31 136.85 13.69 21.41 176.52 17.65 0.67 9.35 0.94 0.30 9.57 0.96 25.2 71 494 5735 574
103
Table 19. Chemical Composition for ISO 1010 Grade Carbon Steel
Grade C Mn P Max. S Max.
(%) (%) (%) (%)
ISO 1010 0.08-0.13 0.30 - 0.60 0.04 0.05
Prior to exposure, all materials were cleaned using #400 and #600 abrasive paper 
to remove oxide coating, chemically cleaned with both dilute sulfiiric and/or hydrochloric 
acids and acetone. Fifteen coupons measuring 150 x 100 x 6 mm (6 x 4 x 0.25") were 
subjected to atmospheric exposure for 1, 2, 3, 6 and 9 months starting from May 1997. 
The sample identification scheme and the exposure time are presented in Table 20. The 
samples were exposed between 1 and 1.5 m above the ground on insulated racks as 
shown in Figure 28. On the racks, the test panels were placed at an angle of 45° from the 
horizontal with the skyward surface, facing northwest toward the Gulf of Mexico in 
accordance with ISO 8565-General requirements for Field Tests [60].
Table 20. Coupon identification code and time of exposure
Location Sample Exposure Time 
(Months)
CPI CP 104 2
CP 108 3
CPI 14 6
CPI 18 9
CP2 CP219 1
CP224 2
CP226 3
CP232 6
CP236 9
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
104
4.4 Experimental Procedure
Corrosion products formed on the ISI 1010 carbon steel coupons were 
investigated for this study. In-situ X-ray diffraction analysis was performed to identify 
the oxides present in the corrosion products. Transmission Mossbauer Spectroscopy 
(TMS) was used to record the spectra at room temperature 300 K and 77 K. Micro- 
Raman spectrometry was used to identify the location of the different oxides within the 
corrosion coating.
4.5 Results
4.5.1 Preliminary visual analysis
Following the exposure periods, each coupon showed different amounts of visible 
corrosion. Different amounts of corrosion products were also observed for samples 
exposed at the two sites for the same exposure time, as shown indicated in Figures 29 and 
30. The photographs show that at the end of 6 months of exposure, the coupon exposed at 
CPI was fully covered with oxides while the coupon exposed at CP2 was not. Figures 31 
and 32 show the optical microscopy images obtained using cross-polarizers, of the 
metallographic cross-sections of the samples, exposed for 6 and 9 months, at CPI. 
Optical microscopy measurements revealed that the corrosion coating was a well-layered 
system even for exposure times as low as 6 months. The layering of the oxides was very 
similar to that of a typical coating formed after several years of exposure (typically > 8 
years). The thicknesses of the corrosion products were nearly 50 pm at the end of a 9- 
month exposure period. The corrosion coating was distinctly bi-layered with the outer 
layer composed of alternating bright orange bands characteristic of lepidocrocite. The
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inner layer was characterized predominantly by a dark brown hue, a color associated with 
nanophase goethite [61]. However, the microscopy images, do not indicate the coloring 
of the layers as the camera attached to photograph the images was not equipped for color.
Sam ple : C P I - 14 
Site : PC G M  
Tim e ; 6  M onths
Figure 29. Steel coupon exposed at CPI showing the surface is fully covered with corrosion 
products.
Sum  pie  : C P2-32 
Site " : SMN
Time : 6 Months
Figure 30. Steel coupon exposed at CP2 showing the surface is not fully covered with 
corrosion products. Regions corresponding to steel substrate can be seen as bright spots.
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► Outer Layer 
Inner Layer
Figure 31. Optical Microscopy image o f carbon steel coupon exposed at CPI for 6 
months shows distinct layering.
Outer Layer
Inner Layer
Figure 32. Optical Microscopy image of carbon steel coupon exposed at CPI for 9 
months shows distinct layering and increase in the thickness of the layers.
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4.5.2 X-ray Diffraction
In order to obtain a basic identification of the oxides present in the corrosion 
coatings, in-situ X-ray diffraction patterns for all the coupons were recorded. Figure 33 
shows the X-ray diffraction patterns for the four corroded coupons exposed at CPI. 
Comparison of the X-ray patterns of the coatings with those of standard oxides indicated 
that lepidocrocite was the dominant oxide present in the coatings. Diffraction peaks 
corresponding to steel substrate (Fe) dominated the XRD pattern o f the samples exposed 
for 2 and 3 months. As the exposure time increased, the intensity of the (110) diffraction 
peak of Fe at 20 = 44.49° diminished. This indicated that as the exposure time increased, 
the corrosion coatings covered the steel substrate and grew thicker. The results were 
consistent with optical microscopy results which indicated that the coating covered the 
entire steel substrate for exposure times greater than 6 months. At a diffraction angle of 
20 ~ 21.5°, a highly broadened peak was observed in all the samples. This peak 
corresponded to the (110) diffraction peak of goethite. This broadened peak with 
diminished intensity clearly suggested that the particle size was much smaller than those 
of the standards reported in the dissertation work of Oh [14]. The absence of the 
diffraction peak at 56.36°, characteristic of akaganeite, was very interesting indicating 
that akaganeite did not form even though the exposure locations were classified as marine 
sites. X-ray diffraction analysis performed on corrosion products formed on coupons 
exposed at CP2 also showed similar results with lepidocrocite being the major 
component, with broadened peaks in the regions corresponding to goethite, as indicated 
in Figure 34. The samples exposed at CP2 also showed the absence of akaganeite in the 
corrosion coatings.
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Figure 33. X-ray diffraction patterns of the corrosion products formed on coupons 
exposed at CPI.
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Figure 34. X-ray diffraction patterns of the corrosion coatings formed on coupons 
exposed at CP2.
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4.5.3 Transmission Mossbauer Analysis
Transmission Mossbauer spectra of the corrosion products formed on the coupons 
exposed at both CPI and CP2 were recorded at 300 K and 77K. In this section, 
Mossbauer analysis for CPI 14 exposed for 6 months at CPI will be discussed in detail in 
order to highlight the general features of a Mdssbauer spectral analysis. Similar analysis 
methodology was used for all the other coupons. Figures 35(a) and 35(b) show 
transmission Mossbauer spectra for CPI 14 recorded at 300K and 77K respectively. 
Hyperfine parameters obtained from fitting the Mossbauer spectra are presented in Table 
21.
The room temperature spectrum of CPI 14 was predominantly a doublet. A very 
small fraction of highly relaxed sextet was also present. A sharp sextet corresponding to 
a-Fe was also observed. The a-Fe comes directly from the steel substrate as a result of 
scraping the corrosion coatings off the substrate. It is known that the doublet observed at 
room temperature is indicative of the presence of lepidocrocite and/or akaganeite and/or 
superparamagnetic goethite and/or ferrihydrite [21]. But the X-ray analysis of the 
corroded coupons indicated the absence of akaganeite in the corrosion products. This was 
also confirmed by low temperature Mossbauer measurements and Raman analysis, to be 
discussed in subsequent sections of this chapter. Therefore it was concluded that 
akaganeite was not present. For a mixture of oxides that are predominantly nanophase, 
the Mossbauer spectra are often complex. It has been well established that to obtain good 
quality fits, the complex Mossbauer spectra are fitted to distributions of hyperfine 
parameters [21-23]. The doublet was fitted to two sites: 1) corresponding to large particle 
lepidocrocite (with isomer shift and quadrupole splitting constrained to 0.37 mm/s and
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Figure 35. Transmission Mossbauer Spectrum of CPI 14.
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Table 21. Hyperfine fit parameters for the Mossbauer spectrum recorded at 300 K and 77 K for sample CPI 14 exposed at CPI 
for 6 months
T Component Oxide IS A (6) o(A) _ Mean Skew Area
(K) (mm/s) (mm/s) (mm/s)
B 0(B) 
(T) (T) (%)
300 QSD Sitel Nanophase 0.367 0.831 0.243 24
QSD Site 2 Lepidocrocite 0.370 0.530 46
HFD Site Goethite (m) 0.370 -0.120 25.8 9.4 -0.6 30
77 QSD Sitel Nanophase 0.474 0.764 0.186 9
QSD Site 2 Lepidocrocite 0.480 0.560 29
HFD Site Goethite (m+sl) 0.470 -0.120 42.7 9.7 -1.8 61
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0.53 mm/s. respectively) [21], and 2) a broadened doublet. The broadened doublet was 
fitted to a distribution to improve the quality of the fits. The broadened doublet showed a 
mean quadrupole splitting of A = 0.831 mm/s with a distribution of cj(a> = 0.243 mm/s. 
The values of isomer shift and quadrupole splitting corresponded to a mixture of 
nanophase oxides comprised of superparamagnetic goethite and/or ferrihydrite and/or 
small particle lepidocrocite. The sharp sextet with hyperfine field of 32.8 T 
corresponding to a-Fe had a relative fraction of 1.2%. The relaxed sextet was fitted to a 
distribution with a mean hyperfine field of 25.8 T and a distribution of 9.4 T. The sextet 
was asymmetrically distributed toward lower fields with a skew factor of -0.6 as shown 
by the field distribution profile in Figure 36.
h-
I
H (T)
Figure 36. Hyperfine field distribution profile for goethite component measured at 77 K 
for the sample CPI 14.
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Only traces of maghemite was detected from Raman analysis (presented later in 
this chapter). No other magnetic oxides except goethite were detected from XRD. 
Therefore the relaxed sextet, accounting for 35% of the subspectral area, corresponded to 
goethite with a distribution. Therefore the isomer shift and quadrupole splitting (s) were 
constrained to 0.37 mm/s and -0.12 mm/s respectively corresponding to goethite for the 
final fit. The relative fraction of the two doublets accounted for nearly 65% of the oxide 
composition.
When dealing with measurement of magnetic components and the relation to the 
particle size, the oxides are categorized into three types. The first type is large particle 
phase or magnetic phase (magnetic - m). In most oxides (particularly goethite, 
maghemite, magnetite, hematite) this phase has particle size > 15 nm. This phase has 
sharp peaks in X-ray diffraction and as a sextet in the room temperature Mossbauer 
spectra. The second type has particle size >8 nm but smaller than 15 nm 
(superparamagnetic phase - si). This phase does not produce sharp but has broad X-ray 
peaks. The room temperature Mossbauer spectra are characterized by a doublet. However 
it is magnetically ordered at 77K and is seen as a sextet. The third type superfine 
nanophase oxide (s2) has particle size < 8nm, and remains non-magnetic at 77K.
The room temperature Mossbauer spectra of all the corroded coupons exposed at 
CPI and CP2 are presented in Figure 37 and Figure 38, and fit results are shown in Table 
22. The room temperature Mossbauer analysis of all the coupons exposed at CPI and 
CP2, showed similar features as seen in Figure 35(a). However the values of the magnetic 
hyperfine fields and distributions were different from sample to sample, and so was the 
relative fractions of the sub spectra.
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It was interesting to note that the contribution of the broadened doublet decreased 
from 51% for the sample CP 104 exposed for 2 months to 23% for the sample CP118 
exposed for 9 months. At the same time the relative fraction of the magnetic goethite
a) 2 Months
1.00
b) 3 Months
1.00
c) 6 Months
1.00
d) 9 Months
1.00
-10 0 105 5
Relative Velocity (mm/s)
Figure 37. Transmission Mossbauer Spectra recorded at 300K of the corroded coupons 
exposed at CPI.
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Table 22 (a). Room temperature MSssbauer fit parameters obtained for samples 
exposed at CPI
Sample Component Oxide IS A (s) CT(a) 
(mm/s) (mm/s) (mm/s)
B
(T) 3 
# Skew Area Area (N)
CP 104 QSD site 1 Nanophase 0.351 0.752 0.271 45.7 50.7
QSD site 2 Lepidocrocite 0.370 0.530 28.1 31.2
HFD site 1 a-Fe 0.000 0.000 32.9 9.8
HFD site 2 Goethite (m) 0.370 -0.120 27.8 9.6 -0.2 16.4 18.2
CP 108 QSD site 1 Nanophase 0.357 0.812 0.263 35.6 37.8
QSD site 2 Lepidocrocite 0.360 0.530 35.9 38.1
HFD site 1 a-Fe 0.000 0.000 33.0 5.9
HFD site 2 Goethite (m) 0.370 -0.120 25.4 9.1 -0.4 22.6 24.0
CPI 14 QSD site 1 Nanophase 0.367 0.831 0.243 23.7 24.0
QSD site 2 Lepidocrocite 0.370 0.530 45.1 45.6
HFD site 1 a-Fe 0.000 0.000 32.8 1.2
HFD site 2 Goethite (m) 0.370 -0.120 25.8 9.4 -0.6 30.0 30.4
CPI 18 QSD site 1 Nanophase 0.365 0.819 0.255 0.0 22.4 22.6
QSD site 2 Lepidocrocite 0.370 0.530 41.8 42.2
HFD site 1 a-Fe 0.000 0.000 33.1 0.8
HFD site 2 Goethite (m) 0.370 -0.120 25.7 9.1 -0.5 35.0 35.3
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Figure 38. Transmission Mossbauer Spectra recorded at 300K of corroded coupons 
exposed at CP2.
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Table 22 (b). Room Temperature Mossbauer fit parameters for the samples exposed at
CP2
Sample Component Oxide IS
(mm/s)
A
(mm/s)
0(&)
(mm/s)
B
(T)
l 
e
Area Area (N)
CP224 QSD site 1 Nanophase 0.346 0.76 0.24 34.0 35.0
QSD site 2 Lepidocrocite 0.370 0.53 40.0 41.2
HFD site 1 a-Fe 0.073 0.00 33.6 2.8
HFD site 2 Goethite (m+sl) 0.370 -0.12 28.2 13.3 22.4 23.0
CP226 QSD site 1 Nanophase 0.351 0.76 0.27 37.0 40.7
QSD site 2 Lepidocrocite 0.370 0.53 49.0 51.1
HFD site 1 a-Fe 0.064 0.00 33.4 9.0
HFD site 2 Goethite (m+sl) 0.370 -0.12 28.7 0.0 4.2 5.6
CP232 QSD site 1 Nanophase 0.369 0.86 0.24 25.0 26.1
QSD site 2 Lepidocrocite 0.370 0.53 49.0 62.8
HFD site 1 a-Fe -0.073 0.00 31.9 0.0 4.1
HFD site 2 Goethite (m+sl) 0.370 -0.12 32.8 7.6 22.0 29.7
CP236 QSD site 1 Nanophase 0.370 0.81 0.25 26.0 26.7
QSD site 2 Lepidocrocite 0.360 0.53 50.0 63.5
HFD site 1 a-Fe 0.000 0.00 32.9 0.0 2.7
HFD site 2 Goethite (m+sl) 0.370 -0.12 29.0 5.5 21.3 21.3
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increased from 18% at the end of 2 months of exposure to nearly 35% at the end of 9 
months of exposure. This clearly suggested that the goethite crystallites were getting 
bigger as the exposure time increased.
The low temperature transmission Mossbauer spectra of the corrosion products 
formed on the coupons exposed at CPI and CP2, recorded at 77K, are shown in Figures 
39 and 40 respectively, and the fit parameters are presented in Tables 23 and 24. Again 
the spectral analysis of sample CPI 14, as shown in Figure 35(b), is presented in detail to 
highlight the features of low temperature data. The low temperature spectrum of CPI 14 
was predominantly composed of a doublet and a broadened sextet. A sharp sextet 
corresponding to a-Fe was also observed. The broadened sextet was asymmetrically 
skewed toward low field values due a field distribution. The doublet was fitted with two 
components a sharp doublet and a broadened doublet. While fitting the doublet, the 
isomer shift and quadrupole splitting were constrained to be 0.48 mm/s and 0.56 mm/s 
respectively, for the sharp doublet corresponding to large particle lepidocrocite [21], 
because the XRD signature of lepidocrocite was sharp and corresponded to well- 
crystallized lepidocrocite. The fit parameters of the broadened doublet yielded an average 
quadrupole splitting of A = 0.70±0.06 mm/s, with a distribution of cf(a) -  0.18±0.01 mm/s 
that corresponded to nanophase goethite (s2) and/or femihydrite and/or small particle 
lepidocrocite. It is very difficult to separate the contribution from any of these phases to 
the broadened doublet area. Therefore the estimation of fractional area of s2 component 
of goethite, was not carried out, as is usually done using Kundig’s model [62]. The final 
fit parameters for the broadened sextet yielded a mean hyperfine field of 42.7 T, 
corresponded to that of magnetically ordered small particle goethite (m+sl).
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a) 2 Months
1.00
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o
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Figure 39. Transmission Mossbauer Spectra recorded at 77K of the corroded coupons 
exposed at CPI.
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a) 1 Month
b) 2 Months
c) 3 Months
d) 6 months
e) 9 Months
1055 0-10
Relative Velocity (mrrVs)
Figure 40. Transmission Mossbauer Spectra recorded at 77K of the corroded coupons 
exposed at CP2.
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Table 23. Transmission Mossbauer fit parameters at 77 K for the samples exposed at CPI
Sample Oxide IS
(mm/s)
A (e) 
(mm/s)
c?(A) Mean 
B a(B) 
(mm/s) (T) (T)
Skew Area
(%)
Area (N) 
(%>
CPI 04 Nanophase 0.482 0.72 0.22 9.4 10.2
Lepidocrocite 0.480 0.56 0.00 9.4 10.2
a-Fe 0.113 0.00 33.6 0.0 8.2 8.9
Goethite 0.470 -0.12 38.4 12.3 -1.2 73.0 79.5
(m+sl)
CP 108 Nanophase 0.465 0.77 0.21 11.7 12.0
Lepidocrocite 0.480 0.56 0.00 25.1 25.7
a-Fe 0.067 0.00 33.7 0.0 2.4 2.5
Goethite 0.470 -0.12 39.0 13.1 1.1 60.8 62.3
(m+sl)
CPI 14 Nanophase 0.474 0.76 0.19 9.2 9.3
Lepidocrocite 0.480 0.56 0.00 28.8 29.2
a-Fe 0.083 0.00 33.4 0.0 1.5 1.5
Goethite 0.470 -0.12 42.7 9.7 -1.8 60.5 61.4
(m+sl)
CPI 18 Nanophase 0.469 0.70 0.23 15.8 15.9
Lepidocrocite 0.480 0.56 0.00 22.0 22.2
a-Fe 0.000 0.00 33.3 0.0 0.9 0.9
Goethite 0.470 -0.12 43.4 10.1 61.3 61.9
(m+sl)
It was interesting to observe that, as a function of exposure time, the mean 
hyperfine field of goethite increased from 38 T to 43 T for the samples exposed at CPI 
and it increased from 34 T to 43 T for the samples exposed at CP2. At the same time the 
field distribution decreased by nearly 2 - 3 T.
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Table 24. Transmission Mossbauer fits at 77K for the samples exposed at CP2
Sample Oxide IS A (8) CT(A) Mean Skew Area Area
(mm/s) (mm/s) (mm/s)
B O(B)
(T) (T) (%)
(N)
(%)
CP219
CP224
CP226
CP232
CP236
Nanophase 0.393 1.31
Lepidocrocite 0.480 0.56
a-Fe 0.103 0.00
Goethite 0.470 -0.12
(m+sl)
Nanophase 0.465 0.90
Lepidocrocite 0.480 0.56
a-Fe 0.116 0.00
Goethite 0.470 -0.12
(m+sl)
Nanophase 0.452 1.05
Lepidocrocite 0.480 0.56
a-Fe 0.110 0.00
Goethite 0.470 -0.12
(m+sl)
Nanophase 0.473 0.71
Lepidocrocite 0.480 0.56
a-Fe 0.058 0.00
Goethite 0.470 -0.12
(m+sl)
Nanophase 0.469 0.68
Lepidocrocite 0.480 0.56
a-Fe 0.043 0.00
Goethite 0.470 -0.12
(m+sl)
0.50
0.00
0.08
0.22
0.22
33.60
33.68
0.0
12.7
33.86
38.32
33.81
40.70
33.72 0.0 
43.93 8.8
33.21
43.39
0.0
9.8
-0.5
0.0
13.3 -1.1
0.0
10.9 -1.4
-2.0
-2.0
5.1 
17.9
5.1 
71.2
2.8
19.1
2.7
75.5
3.6
35.8
4.6
55.9
22.7
26.4
0.8
50.1
5.4
18.9
75.0
2.8
19.6
77.5
3.8
37.5
58.6
17.5 18.0
27.9 28.7
2.7
51.9 53.3
22.9
26.6
50.5
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Maghemite, which is one of the regular constituents of corrosion products, was 
not found in the samples by both XRD and Mossbauer measurements. However micro- 
Raman measurements detected traces of maghemite in the corrosion products. Therefore 
the relative fraction of maghemite was estimated to be less than 1 % in the corrosion 
products.
For the sample CPI 14, the relative amounts of lepidocrocite and goethite (m+sl) 
were determined to be 29% and 61% respectively. The following section presents the 
details o f how the relative areas are determined from the Mossbauer subspectral areas. A 
review of the spectral areas for CPI 14 at 77K leads to the following: Sharp doublet 
corresponding to large particle lepidocrocite accounted for 29%. The broadened doublet 
accounting for 9% of the spectral area corresponded to superfine nanophase (s2) goethite 
and/or ferrihydrite and/or lepidocrocite. The broadened sextet accounting for 61% of the 
entire spectral area was attributed to both magnetic (m) and nanophase (si) goethite. The 
magnetic component of goethite (m) from room temperature was 30%. Therefore out of 
the 61% spectral area corresponding to (m) and (si) phases of goethite, 31% 
corresponded to si phase with particle size between 8-15 nm. It is hard to separate 
superparamagnetic goethite from superparamagnetic maghemite. But using Raman 
analysis as a guideline, 1% was used to account for total maghemite in the coating. 
Therefore out of a total of 61% assigned for goethite (m+sl), subtracting 1% for 
maghemite contribution yielded nearly equal amounts (about 30%) of m and si phases 
for goethite. Table 25 summarizes the relative fraction of the oxides from Mossbauer 
measurements of all the coupons exposed at CPI and CP2.
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Table 25. Relative fraction of oxides formed for the samples exposed at CPI and CP2
Sample Exposure
(Months)
m si
a-FeOOH
(m+sl)
(%)
si/(m+sl)
y-FeOOH Nanophase 
Oxides
(%) (%)
(ot/y) FeOOH
CP 104 2 18.2 61.3 79.5 77.1 10.2 10.3 7.8
CPI 08 3 24 38.3 62.3 61.5 25.7 12.0 2.4
CPI 14 6 30.4 31 61.4 50.5 29.2 9.4 2.1
CPI 18 9 35.3 26.6 61.9 43.0 22.2 15.9 2.8
CP219 1 6.8 68.2 75.0 90.9 18.9 6.1 4.8
CP224 2 23.0 54.5 77.5 70.3 19.6 2.9 3.6
CP226 3 15.6 43.0 58.6 73.4 37.5 3.9 2.0
CP232 6 28.4 24.9 53.3 46.7 28.7 18.0 1.6
CP236 9 19.1 31.4 50.5 62.2 26.6 22.9 2.3
4.5.4 Micro-Raman Analysis
Micro-Raman analysis confirmed the layering of oxides, observed from optical 
microscopy. The layering of oxides in the coating was very similar to that observed in 
weathering steel exposed for 16 years reported by Cook et al [19,20] and Yamashita et al 
[48,56]. Raman analysis of the corrosion coatings formed on all the coupons exposed at 
CPI and CP2 showed the following general features. The corrosion coatings were 
distinctly bi-layered, similar to the coating formed from long-term exposures. The inner 
layer located close to the steel substrate produced broadened peaks with diminished 
intensities, characteristic of nanophase oxides. The micro-Raman spectra o f rust formed 
on the outer layer had sharp peaks with little or no line broadening. Figure 41 shows the 
layered structure of the oxides formed on coupon CPI 14 with the outer and inner layers.
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Figure 42 shows the line scan micro-Raman spectra of the sample CPI 14, exposed for 6 
months. The line scan was recorded from the coating surface inward toward the steel. 
Comparing the spectra obtained with those of the standards, presented in Chapter II, the 
outer layer was composed of a mixture of lepidocrocite and goethite, while the inner 
layer was predominantly nanophase goethite. Interspersed within the inner layer of 
nanophase goethite, clusters of maghemite were also occasionally found. The Raman 
spectra of maghemite in the coating corresponded to that of superparamagnetic spectrum 
of maghemite [14]. Superparamagnetic maghemite was not observed in the outer layer. A 
gradual decrease in the Raman signal was observed as the line scan proceeded from the 
outer layer to the inner layer lying closer to the steel substrate. This indicated that the 
inner layer was composed of mainly of a mixture of nano-phase goethite and few clusters 
of superparamagnetic maghemite. The amount of maghemite was estimated to be not 
more than 1% of the entire coating composition. Figures 43 to 48 show the micro-Raman 
spectra of the different layers in samples CP 104, CPI08, CPI 18, CP226, CP232 and 
CP236. Similar results were observed in the all the coupons. In all the samples the outer 
layer was composed of lepidocrocite and sometimes goethite, while the inner layer 
predominantly composed of nanophase goethite and few clusters of maghemite. For the 
sample CPI 18, the micro-Raman spectrum of the inner layer indicated the presence of 
hematite in addition to goethite. It is believed to be an instance where the transformation 
of goethite to hematite occurred on the spot at the time of recording the spectrum due to 
laser heating. However, X-ray diffraction and Mossbauer measurements did not show the 
presence of hematite. Hence it can be concluded that no hematite formed during 
corrosion process.
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w m
Inner Layer
Figure 41. Layering of oxides in the corrosion coating formed on atmospherically 
exposed sample CPI 14 for 6 months.
Raman Line scan was performed on the regions in the outer layer and inner layer of the corrosion coatings.
Point 1 Corresponds to point scan in outermost region of the outer layer
Point 2 Corresponds to point scan in innermost region of the outer layer
Point 3 Corresponds to point scan in outermost region of the inner layer
Point 4 Corresponds to point scan in innermost region of the inner layer
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Figure 42. Micro-Raman Spectrum of the Corrosion Coatings formed on sample CPI 14 
exposed at CPI for 6 months.
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Figure 43. Raman line scan performed on sample CP104.
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Figure 44. Raman line scan performed on sample CP 108.
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Figure 45. Raman line scan performed on sample CPI 18.
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Figure 46. Raman line scan performed on sample CP226.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
133
Steel 5 pm
Point 13
L,G
i?•Hn
Ifi
H
1000200 600 800400
Wavenumber (cm-1)
3
a Point 3
*
•rl
Ic
H
200 1000400 600 800
Point 2
L,G
it•H0}
!
BH
200 400 600 800 1000
Wavenumber (cm-1)
Point 4
lr
•Hn
I
a
200 400 600 800 1000
Wavenumber (cm-1) Wavenumber (cm-1)
Figure 47. Raman line scan performed on sample CP232.
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4.6 Discussion
From the analysis of x-ray diffraction patterns, and Mossbauer spectra of the 
atmospherically exposed carbon steel coupons at the two sites, the presence of goethite, 
lepidocrocite were unambiguously identified. The x-ray diffraction peaks corresponding 
to goethite were broad indicating that the particle size was less than 20 nm.
Akaganeite was absent in the corrosion coatings due to relatively low chloride 
concentrations during the exposure time. In prior exposures of carbon steel coupons at 
two other Campeche sites (closer to the Gulf of Mexico), akaganeite was detected in the 
corrosion products. However during this present exposure the average chloride 
concentration was measured to be only 13 mg/m /day at CP2 as opposed to an average 
chloride concentration of 45 mg/m /day measured during the previous exposure at CP2.
Transmission Mossbauer analysis at room temperature identified the presence of 
magnetic goethite and lepidocrocite and/or superparamagnetic goethite and/or 
ferrihydrite. The mean hyperfine field of goethite measured at 77 K was much smaller 
than that of well-crystallized goethite. This then indicated that the particle size of goethite 
was less than 20 nm. The low temperature Mossbauer results also clearly showed that the 
presence of goethite with a distribution of magnetic field, which then indicated a 
distribution of particle size. The distribution of magnetic hyperfine field was skewed 
toward low values indicating that the mean hyperfine field was smaller than the most 
probable field.
While estimating the relative amounts of each oxide, the area under the doublet 
does not necessarily correspond directly to the amount o f lepidocrocite. The reason for 
this is when there is a mixture of predominantly nanophase oxides, there is a probability
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that the doublet encompasses not only lepidocrocite but also newly nucleating crystals of 
goethite (the s2 phase) and/or ferrihydrite with particle size < 8 nm. Therefore the doublet 
was fitted to two components, one corresponding to large particle lepidocrocite, which 
has a prominent signature, and a broadened doublet, which includes all the nanophase 
oxides. Ferrihydrite is a poorly crystalline oxide usually with particle sizes less than 7 nm 
and is considered to be a precursor of other oxides [21]. It is detected as one of the initial 
oxides to form in any weathering process [29]. It does not have a well-characterized 
XRD signature. In a mixture of nanophase oxides, it is very difficult to identify 
ferrihydrite from XRD measurements. Furthermore, the room temperature Mossbauer 
profile of ferrihydrite is a broadened doublet, with hyperfine parameters similar to 
superparamagnetic goethite [21]. Therefore one cannot tell the difference between 
ferrihydrite and superparamagnetic goethite at 300 K. The Neel temperature of 
ferrihydrite varies between 35 K and 110 K depending on the degree of crystallinity [16], 
and therefore even at 77 K, it is hard to separate the contribution from ferrihydrite, 
superparamagnetic goethite and newly nucleating lepidocrocite in the broadened doublet. 
Furthermore, it is difficult to separate the contribution from ferrihydrite with distribution 
in particle size and lepidocrocite even at 4K, because the hyperfine field values of 
lepidocrocite (44.8T) and ferrihydrite (46±4T) overlap [21].
In the past, contribution from nanophase oxides (s2) to the doublet has been 
estimated using Kundig’s model from published data on nanophase hematite [62]. In that 
model it was observed that at 77K, 10% of the hematite sample was still 
superparamagnetic. Following the discussion in Chapter III of this dissertation, on 
synthetic nanophase chromium substituted goethite, it was observed that even the 10.14
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wt.% chromium goethite with particle size - 1 0  nm had approximately 3% contribution 
from the s2 phase at 77K. Since the sample was synthetically prepared where the crystals 
grew under controlled pH environment, the particle size distribution was less compared 
to the growth of nanophase goethite under natural weathering conditions. Therefore past 
estimates of 10% of s2 phase may be high to the doublet contribution from nanophase 
goethite. Perhaps an estimate of 5% or less of s2 phase may seem a likely contribution of 
nanophase goethite to the doublet. Therefore, in the current research the broadened 
doublet at 77K was not attributed any one particular oxide, i.e., goethite (s2) or 
ferrihydrite or newly nucleating lepidocrocite but infact was considered to be mixture of 
nanophase oxides of iron.
Traces of maghemite were detected from Micro-Raman measurements and were 
estimated to be not more than 1% of the coating. However no maghemite was detected in 
X-ray diffraction and room temperature spectra. Therefore, the maghemite phase must be 
superparamagnetic having particle size between 8 and 15 nm.
It was interesting to observe from Tables 26 and 27, that the relative fraction of 
nanophase oxides in the broadened doublet increased with exposure time and while the 
contribution from si phase of goethite decreased. However there was an appreciable 
increase in the relative fractions of large particle goethite (m) and lepidocrocite. This 
clearly indicated that as the exposure time increased and with the steel coupons 
corroding, newer crystals of all the oxides detected continued to form and at the same 
time the crystals continued to grow. Micro-Raman data showed that right near the steel 
surface the intensity of the Raman peaks corresponding to superparamagnetic goethite 
diminished. As the exposure time increased, the crystals began to grow and pushed
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outward away from the steel by newly nucleating crystals. Therefore Raman peaks 
corresponding to oxides detected in the outer layer or closer to the outer layer were sharp, 
compared to the inner layer. Layering of oxides becomes more prominent after two 
months of exposure when the nucleation and crystal growth mechanisms become well 
defined with time. During the first month of exposure, the steel just starts to corrode, and 
therefore nucleation is more dominant compared to crystal growth. However with time, 
the mechanism of crystal growth competes with the rate of nucleation and therefore the 
layering of the corrosion is observed. Current short-term exposure data showed that 
lepidocrocite was in the outermost layer with particle size greater than 50 nm by XRD. 
Aeration of the surface is one of the primary reasons for lepidocrocite to be detected in 
the outer layer, and also being the initial constituent of the rust. Lepidocrocite commonly 
forms from oxidation of Fe2+ ions. On atmospherically exposed steel surfaces, the 
presence of oxygen in the atmosphere promotes the formation of Fe2+ species to form a 
highly unstable polymeric species of FeOOH, which transforms to lepidocrocite with 
oxidation. The inner layer consisted of nanophase goethite and possibly some 
ferrihydrite. The detection of lepidocrocite and some large particle goethite (m) in the 
outer layer and nanophase goethite (sl+s2) in the inner layer from current research is well 
in agreement with data on long-term atmospheric corrosion in the past [14, 55-57].
The ratio of goethite (m+sl) and large particle lepidocrocite measured from 77K 
Mossbauer spectrum found to be 2.1 for the sample CPI 14 exposed at CPI for 6 months, 
Figure 49 shows the variation of [(a(m+si)/y) FeOOH] ratio at the exposure sites as a 
function of time as estimated from Mossbauer measurements. The ratio of the two 
dominant hydroxyoxides formed on the coupons exposed at CPI and CP2 are comparable
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Figure 49. Ratio of goethite (m+sl) to large particle lepidocrocite at the two exposure 
sites as a function of exposure time.
The variation of mean magnetic field of nanophase goethite (m+sl) from Mossbauer 
spectra recorded at 77 K as a function of exposure time is shown in Figure 50. For the 
samples exposed at CPI, the mean field of goethite (m+sl) measured at 77K increased 
from 38 T to 43 T as the exposure time increased from 2 months to 9 months. As the 
samples start corroding, nucleation of goethite crystals is favored over the crystal growth. 
As the exposure time increases, the crystal growth competes with the nucleation 
mechanism. Therefore the mean field is smaller during the first two months of exposure 
due to nucleating crystals that are yet to grow. The superparamagnetic relaxation model 
was used to estimate the particle size of nano-phase goethite [18]. Accordingly, the mean 
particle size of goethite increased from 6+2 nm to about 10+2 nm as the exposure time 
increased from 2 months to 9 months at CPI. This estimation of particle size is only an 
approximation as the shape of the crystallites and crystalline anisotropies were unknown. 
However the estimated particle sizes were in the ballpark of the expected particle size for
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Figure 50. Variation of mean hyperfine field of goethite (m+sl) at 77 K found in the 
corrosion products.
early stages of exposure. The mean hyperfine field also showed a distribution that 
decreased from 12 T to 10 T as the exposure time increased from 2 months to 9 months. 
Distribution in hyperfine field is related to distribution in particle size and/or degree of 
elemental substitution. Since carbon steel does not contain any alloying elements, the 
influence of substitutional alloying elements in inducing a distribution of hyperfine field 
is ruled out. Therefore all of the distribution of the hyperfine field is related to particle 
size distribution. Therefore the observed decrease in hyperfine field distribution with 
increasing exposure time was related to a decreasing distribution of particle size. This 
clearly indicated that the particle size of goethite became more uniform as the exposure 
time increased.
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CHAPTER V 
COMPARISON OF SHORT-TERM ATMOSPHERIC CORROSION OF
WEATHERING STEEL AND CARBON STEEL
5.1 Introduction
Atmospheric corrosion is ubiquitous and the lifetime of steel structures is directly 
related to its performance against corrosion. A fundamental knowledge of the corrosion 
mechanism is important for developing long lasting solutions for the corrosion problems. 
The investigation of corrosion products that form, as a function of type of steel, and 
exposure conditions and time, is an important aspect in characterizing atmospheric 
corrosion. The performance of a particular type of steel in a specific environment can be 
predicted once a database of information on the nature o f development and 
transformation of iron oxides formed from atmospheric exposures is established. Any 
protective measures that are needed to improve the performance o f steel can then be 
applied.
As mentioned in Chapter IV, a series of projects aimed at understanding the effect 
of atmospheric corrosion in coastal regions of Mexico has been extensively researched by 
the group at Condensed Matter and Materials Physics Laboratory, at Old Dominion 
University. In Mexico, carbon steel is commonly used for building bridges, because it is 
cheaper than weathering steel, which would have to be imported. In marine 
environments, the corrosion rate of uncoated carbon steel is nearly ten times higher than 
that of weathering steel [11]. As discussed in Chapter I, the use of weathering steel for
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structural applications is cost effective in terms of reduced maintenance cost and longer 
structural life.
One of the motivations of this research is to know the nature of corrosion products 
that form early stages of exposure on both carbon and weathering steels. The results can 
then be compared with the corrosion products that have been well characterized from > 8 
years of exposure of carbon and weathering steels. This will help establish some of the 
similarities and/or differences in corrosion mechanism resulting from short-term and 
long-term exposure in both types of steels. Another motivation for this research is to 
provide enough information regarding the nature o f corrosion products that form on 
weathering steel in marine environments in Mexico, so that the performance of 
weathering steel for structural purposes in Mexico can be evaluated. This will open up 
the possibility of introducing US-produced weathering steel for structural applications in 
Mexico in the future.
In order to understand in more detail the corrosion of weathering steel in marine 
environments in Mexico, the effect of atmospheric corrosion from initial stages of 
exposure was investigated. The focus of this chapter is to characterize the corrosion 
products that form on weathering steel exposed in Mexico, for short-term exposures less 
than 12 months. The exposures began in November 1999. A comparative study of short­
term atmospheric corrosion of carbon steel and weathering steel was also undertaken to 
highlight the similarities and/or differences in the formation and development of iron 
oxides on these two types of steels. This is the first reported research on the corrosion 
products from short-term exposure of weathering steel in Mexico or any other country
5.2 Experimental Procedure
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Corrosion products formed on six weathering steel coupons and six carbon steel 
coupons, produced by Bethlehem Steel Corporation, Pennsylvania, and six carbon steel 
coupons produced in Mexico, were investigated in this study. The two US steels, carbon 
steel ASTM A3 2 and weathering steel ASTM A588B will be referred to as carbon steel 
and weathering steel respectively. The ISO 1010 grade carbon steel, produced in Mexico, 
will be referred to as Mexican carbon steel throughout this Chapter. Table 26 presents the 
chemical composition of each type of steel used in this research.
Prior to exposure, all the sheets of US steel were hot rolled to 2.5 mm thickness, 
and then sheared into 6 x 4  inch (150 x 100 mm) panels. The panels were shot blasted to 
remove hot rolling scale (mill scale). The specimen identification codes were marked by 
hammering the imprints on the metal surface using hardened steel letter punches. The 
identification codes were imprinted deep enough to ensure visibility even after substantial 
corrosion has occurred. The panels were then stored in a protective low humidity 
environment before being brought to the exposure site. The panels to be used for spectral 
analysis were sheared laterally into two 3 x 4  inch (75 x 100 mm) coupons for exposure. 
New identification codes were assigned to the coupons, as recorded in Figure 51. After 
shearing and stamping, the carbon steel and weathering steel coupons, underwent a series 
of cleaning procedures at Homer Research Lab at Bethlehem Steel Company, in 
accordance with ASTM-G1:90- Standard Practice for Preparing, Cleaning and Evaluating 
Corrosion Test Specimen [64]. Each of the sheared coupons was individually mounted on 
an inch wide slot of plastic rack. The coupon surfaces were cleaned with distilled water. 
The racks were dipped in a bath of acetone for about one minute. The racks were then 
transferred into an ultrasonic cleaning chamber, where the surfaces were further cleaned
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for 2 minutes. Finally the coupons were dried completely by placing in a hot air chamber 
for 5 minutes. Two sets of 6 x 4 inch panels were used for mass loss purpose. Prior to 
exposure the coupons were weighed to within 0.1 mg accuracy. The masses and 
dimensions of the coupons used for mass loss measurements are presented in Table 27.
The Mexican carbon steel coupons measuring 150 x 100 mm however were not 
subjected to the detailed degreasing procedure. The importance of the degreasing 
procedure recommended by ASTM and ISO for reliable characterization of the corrosion 
products will be discussed later in this chapter. Table 28 presents the coupon 
identification tags used for exposure, which began in November, 1999. The coupons were 
exposed at SMN, located 4 km inland from the coast, was classified as a marine site 
having ISO site corrosion class C3-C4 (T5, SI, P0) [7].
The steel coupons were subjected to atmospheric exposure for 1, 2, 3, 6, 9 and 12 
months. Samples were exposed between 1 and 1.5 m above the ground on insulated 
racks. The test panels were placed at an angle of 45° from the horizontal with the 
skyward surface, facing northwest toward the Gulf of Mexico in accordance with ISO 
8565-General Requirements for Field Tests [60]. Mass loss measurements were 
performed on the two additional sets of carbon and weathering steel coupons, exposed for 
12 months. For the mass loss measurements, the corrosion coatings were stripped off the 
coupons by dipping in a mixture of 0.25 parts of hydrochloric acid and 0.75 parts of 
hexamethylene tetra-amine for 10 minutes as required by ASTM G1-Standard Practice 
for Preparing, Cleaning and Evaluating Corrosion Test Specimens [64]. The cleaned 
surfaces were examined for any residual oxide using a 20 X objective optical microscope.
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Table 26. Chemical Composition of US Weathering steel and Carbon steel
Sample Description C Mn P S Si Cr V Mo A1 Cu Co N Ni Nb Ti
1164 ASTM A32, Carbon Steel 0.16 1.01 0.012 0.013 0.22 0.027 0 0.004 0.051 0.02 <0.005 0 0.019 <0.005 0
1165 ASTM A588B, Weathering Steel 0.1 1.18 0.012 0.011 0.36 0.53 0.04 0.006 0.048 0.3 0.007 0.01 0.31 <0.005 0
Table 27. Dimensions of the test panels used for mass loss measurements
Sample Width Length Thickness Surface Mass
b c average d e f  average g h i average Area
(Inch)______________________ (Inch)____________________ (Inch)____________ (cm2) (g)
US-Weathering Steel 
L4M5-4 4.010 3.985 3.983 3.993 6.140 6.125 6.135 6.133
L4M5-5 4.000 3.940 3.960 3.967 6.110 6.130 6.150 6.130
0.104 0.102 0.105 0.104 129.74 308.208
0.104 0.103 0.105 0.104 128.84 314.750
US-Carbon Steel
L5AC9-4 3.995 3.950 3.960 3.968 6.110 6.130 6.150 6.130
L5AC9-5 4.080 4.025 3.970 4.025 5.955 5.965 5.980 5.967
0.102 0.101 0.104 0.103 128.85 304.141
0.103 0.101 0.102 0.102 127.19 304.813
Mexican Carbon Steel
MEX 107 3.950 3.945 3.949 3.948 5.908 5.911 5.910 5.910 0.102 0.102 0.102 0.102 123.63 359.970
MEX 108 3.948 3.940 3.942 3.943 5.911 5.902 5.918 5.910 0.102 0.102 0.102 0.102 123.50 360.930
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L4N5 1
Original BSC Coupon ID
Shear to size (3” x 4 “)
New Coupon ID punched 
L4N5 6
Figure 51. Coupon Identification Schema adopted before exposure.
Table 28. Coupon identification code.
BSC Coupon ID Exposure
(Months)
Sample ID
US-Weathering Steel A 588B
L4N5-1 1 CP204-01
L4N5-2 2 CP204-02
L4N5-3 3 CP204-03
L4M5-6 6 CP204-06
US-Carbon Steel A 32
L5AC9-1 1 CP205-01
L5AC9-2 2 CP205-02
L5AC9-3 3 CP205-03
L5AC9-6 6 CP205-06
Mexican Carbon Steel ISO 1010
101 1 CP2MC-01
102 2 CP2MC-02
103 3 CP2MC-03
104 6 CP2MC-06
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The coupons were weighed to within O.lmg accuracy. Various critical environmental 
factors like, temperature, humidity were monitored during the exposure period. Pollutants 
like chloride and sulfur dioxide were measured using chloride candles and sulfation 
plates mounted on the insulated exposure racks in accordance with ISO 9225- 
Measurement of Pollution [59]. Table 29 presents some of the monthly environmental 
conditions at site CP2 monitored during the exposure of the steel coupons.
The corrosion rates for carbon and weathering steels for the first year of exposure 
were calculated from mass loss measurements and the results are presented in Section 
5.3.2 of this chapter. The corrosion products were characterized using XRD, Mossbauer 
Spectroscopy and the location of the oxides in the corrosion coatings were mapped using 
Micro-Raman Spectrometry. The spectroscopic studies were performed on the samples 
exposed up to six months and the results are presented in the following sections.
5.3 Results
5.3.1 Optical Microscopy
Preliminary optical microscopy measurements showed that at the end of one month of 
exposure, layering of oxides in the corrosion coatings was not very prominent. However, 
as the exposure time increased to 2 months, both carbon steel and weathering steel 
coupons produced well-layered corrosion coatings, with three distinct colors. Figure 52 
shows the optical microscopy image for the weathering steel sample (CP20402) exposed 
for 2 months. The corrosion coating was distinctly bi-layered. As the coating is viewed 
from the surface to the steel, as shown in Figure 52, a light yellow colored layer (region 
b) followed an outer layer of bright orange streak (region a). A layer of dark brown color
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Table 29. Monthly environmental parameters and mean values monitored at CP2 during 1999-2000 exposure
Exposure Period Exp Time Cl- Total Cl- Average Cl- S02 TOW Total TOW Average TOW 
_________________ (Months) (mg/m2 day) (mg/m2 day) (mg/m2 day) (mg/m2 day) Hours Hours Hours
19-11-99 to 20-12-99 1 14.4 14.4 14.4 8.54 402 402 402
20-12-99 to 20-01-00 2 24 38.4 19.2 - 397 799 400
20-01-00 to 21-02-00 3 19.8 58.2 19.4 0.03 347 1146 382
21-02-00 to 20-02-00 4 21.3 79.5 19.9 0.02 241 1387 347
20-03-00 to 18-04-00 5 18 97.5 19.5 0.03 159 1546 309
18-04-00 to 19-05-00 6 12.4 109.9 18.3 0.02 129 1675 279
149
(region c) was found close to the steel. The layering of the coating was very similar to 
that observed in corrosion coating formed on samples exposed for long exposure periods, 
reported in the dissertation work of Oh [14] and short-term exposures presented in 
Chapter IV. The coating thickness was estimated to be 20 pm for samples exposed for 2 
months. The thickness of the coating increased to about 50 pm for samples exposed for 6 
months, as shown in Figure 53.
A visual comparison of corrosion coatings formed on weathering steel and carbon 
steel indicated that the coating formed on carbon steel appeared to be flaky and blistered 
compared to that of weathering steel, as indicated in Figure 54. Up to the first 6 months 
of exposure, for the two US produced steels, the thickness of the corrosion coating for 
weathering steel was greater compared to carbon steel. However, at the end of 9 months 
o f exposure, the average coating thickness was estimated to be about 50pm for 
weathering steel while it was measured to be about 65 pm for the carbon steel as 
indicated in Figure 55. The appearance of the corrosion coatings formed on weathering 
steel coupons exposed up to one year was very similar to the coupons exposed for long 
periods of exposure (16 years) [18,47]. Visual inspection of the Mexican carbon steel 
coupons indicated that there were many regions on the coupons where the corrosion 
coating did not form. This was observed even in the samples exposed up to 6 months. 
The corrosion coatings on the Mexican carbon steel were nonuniform compared to the 
coupons of two US produced steels. Since the Mexican coupons were not subjected to 
degreasing and cleaning procedure prior to the exposure, it is possible that the surface 
cleanliness may have prevented the formation of formation of corrosion products during 
the initial months of exposure.
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steel Substrate 10 jahi
Figure 52. Optical Microscopy image for sample CP20402, showing layering of oxides. 
Region (a) corresponds to lepidocrocite, (b) corresponds to maghemite, (c) corresponds to 
nanophase goethite.
JL&1ML
Figure 53. Optical Microscopy image for sample CP20406, showing layering of oxides. 
Region (a) corresponds to lepidocrocite (b) Corresponds to Maghemite (c) Nanophase 
Goethite. This sample exposed for 6 months shows a maghemite to be present only in 
small island like region (b).
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Figure 54. Optical Microscopy image for carbon steel- CP20502 exposed for two 
months. Flakiness of the coating formed on carbon steel can be clearly seen even for 
2 months exposure compared to a more intact coating developed on weathering steel 
as in Figure 52.
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Figure 55. Optical Microscopy image for weathering steel and carbon steel exposed 
at CP2 for 9 months.
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5.3.2 Mass Loss Measurements
The two sets of US produced carbon steel and weathering steel coupons as well as 
the Mexican carbon steels coupons, exposed for 12 months, were used for mass loss 
measurements. After one year of exposure, the surfaces were cleaned of rust and weighed 
to 0.1-mg accuracy. The differences in mass before and after exposure are presented in 
Table 30. Mass loss measurement data was used to calculate the corrosion rate in mils/yr 
using the relation [45]:
Corrosion Rate c = -fe-— [23]
a x t x d
where a = exposed area cm ; M = mass loss in g; t = exposure time (hours); d = density 
(7.85 g/cc) [45]. The corrosion rates for the three types o f steels are presented in Table 
30. The 12 months corrosion rate for carbon steel was approximately 10% higher than 
that of weathering steel.
Table 30. Corrosion rates (CR) of different steel types
Mass Surface Corrosion Rate
Sample Before
(g)
After
(g)
Loss
(g)
Area
(cm2)
CR CR Avg CR 
mils/yr mils/y/surf. mils/y/surf.
US-Weathering Steel
L4M5-4 308.208 
L4M5-5 314.75
303.67
310.01
4.538
4.74
129.735
128.844
1.753
1.843
0.876
0.922
0.899
US-Carbon Steel 
L5AC9-4 
L5AC9-5
304.141
304.813
298.47
299.46
5.671
5.353
128.846
127.188
2.205
2.109
1.103
1.054
1.079
Mexican Carbon Steel
MEX 107 359.97 
MEX108 360.93
355.88
356.73
4.090
4.200
123.634
117.456
1.658
1.792
0.829
0.896
0.862
(1 mil = 25.4 (am)
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The corrosion rate for the carbon steel was found to be 2.157 mils/y while that of the 
weathering steel was 1.798 mils/y. These corrosion rates correspond to an average 
thickness loss of about 55 pm and 46 pm respectively for carbon and weathering steel. A 
thickness loss of 50 mm/y is expected for carbon steel having site corrosivity of high C3 
and low C4 [57]. The corrosion rate for the Mexican carbon steel was determined to be 
1.725 mils/y which corresponds to a thickness loss of43 pm. The corrosion rate for the 
Mexican carbon steel is less than expected corrosion rate o f >2 mils/y for carbon steel at 
locations having a site corrosivity C3 [57].
5.3.2 X-Ray Diffraction
In order to obtain a basic identification of the oxides present in the corrosion 
coatings, in-situ X-ray diffraction patterns for all 12 coupons were recorded as shown in 
Figures 56-58. Comparison of the X-ray patterns of the coatings with those of standard 
oxides indicated that lepidocrocite, and maghemite were the dominant oxides present in 
the coatings. A broadened peak with diminished intensity in the vicinity of 20 = 21.5° 
indicated the presence of nanophase goethite in all the samples. X-ray diffraction peaks 
corresponding to the steel substrate were also observed, and they corresponded to the 
regions where the corrosion coating was thin. The Fe peaks were more prominent in the 
X-ray patterns compared to the coupons exposed in 1997. The particle size of 
lepidocrocite and maghemite was estimated to be smaller than 50 nm, as evidenced by 
the line broadening of the diffraction peaks.
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Figure 56. Insitu x-ray diffraction patterns for weathering steel of type A588 samples 
produced in US.
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Figure 57. Insitu x-ray diffraction patterns for carbon steel of type A32 samples produced 
in US.
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Figure 58. Insitu x-ray diffraction patterns for carbon steel of type ISI 1010 samples 
produced in Mexico.
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A careful review of the X-ray patterns in the vicinity of 50-60° indicated the 
absence of the diffraction peak at 56.36°, characteristic of the akaganeite phase. During 
the current exposure akaganeite was not observed even though the exposure site was 
classified as a marine site. Similar results were observed on the coupons subjected to 
exposure at the same site during 1997-98 as discussed in Chapter IV.
After one month of exposure, the diffraction peaks of the oxides for the 
weathering steel sample were more prominent compared to carbon steel. However, as the 
exposure time increased to six months, the intensity of diffraction peaks in both types of 
steel was comparable. This clearly indicated that weathering steel corroded faster during 
the initial months of exposure. However, by six months, the corrosion process in carbon 
steel proceeded faster than weathering steel. It was interesting to observe from Figures 
56 and 57, that as the exposure time increased from one to six months, the XRD peaks 
corresponding to lepidocrocite and goethite increased in intensity in both weathering steel 
and carbon steel. At the same time, the intensity of the peak corresponding to maghemite 
at 20~ 63.3° showed a decrease in intensity. It can be inferred that as the exposure time 
increased to six months, maghemite that initially formed during one month of exposure, 
was either not forming anymore or constantly transformed into other oxides in the 
corrosion coatings. While the XRD data for both the US produced carbon and weathering 
steels showed significant amount of corrosion products, the Mexican carbon steel did not 
show such significant amounts. This was consistent with both corrosion rate and visual 
optical measurements, which indicated the effects of poor surface cleaning of Mexican 
carbon steel. Therefore, further spectroscopic analysis was not performed for the 
Mexican carbon steel.
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53.4 Transmission Mdssbauer Analysis
The transmission Mossbauer spectra of the corrosion products recorded at 300 K 
for weathering steel and carbon steel shown in Figures 59 and 60 indicated the following 
general features. A doublet, a sharp sextet, and a broadened sextet dominated the room 
temperature spectrum. The doublet was fitted to two components:
1) a sharp doublet corresponding to large particle lepidocrocite with isomer shift and 
quadrupole splitting constrained at 0.37 mm/s and 0.53 mm/s respectively
2) a broadened doublet corresponding to nanophase oxides including goethite (sl+s2) 
and/or akaganeite and/or ferrihydrite and/or small particle lepidocrocite.
Akaganeite was not detected from XRD and also low temperature Mdssbauer 
measurements, and therefore presence of this phase in the corrosion products was ruled 
out. The fit areas of the doublet accounted for about 50% of the spectral area for 
weathering steel and 45% for carbon steel, as shown in Tables 31,32. However, the 
relative fraction increased to about 70% for both steel types by the end o f 6 months of 
exposure. The observed sextets showed the following features:
1) The sharp sextets with a small magnetic field distribution had two components with 
mean hyperfine magnetic field of 49.7±0.2 T and 47.1±0.5 T that corresponded to 
magnetically ordered maghemite
2) Broadened sextet with a hyperfine field ranging from 24 T - 32 T with significant 
distribution corresponded to magnetic goethite (m).
It was very interesting to note the presence of maghemite in significant amounts 
in both types of steels (40% in weathering steel and 49% in carbon steel after one month) 
during the current exposure. The fraction of maghemite decreased to about 15% in both
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Figure 59. TMS Spectra recorded at 300K of corrosion coatings, formed on weathering 
steel.
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Figure 60. TMS Spectra recorded at 300K of corrosion coatings, formed on carbon steel.
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Table 31. Hyperfine parameters of corrosion products formed on weathering steel 
obtained from Mossbauer spectra recorded at 300K
Sample Component Oxide IS A (e) a(A) 
(mm/s) (mm/s) (mm/s)
B
(T)
°  (B)
(T)
Area
(%)
Area (N)
(%)
CP20401 QSD site 1 Nanophase 0.358 0.827 0.156 13.5 14.5
QSD site 2 Lepidocrocite 0.370 0.530 0.000 32.5 34.8
HFD site 1 a-Fe -0.016 0.000 33.0 6.7 7.2
HFD site 2 Maghemite 0.300 0.000 49.7 0.9 22.5 24.1
HFD site 3 Maghemite 0.330 0.000 47.1 2.6 14.8 15.9
HFD site 4 Goethite (m) 0.370 -0.120 32.2 11.5 10.0 10.7
CP20402 QSD site 1 Nanophase 0.360 0.893 0.150 10.6 10.8
QSD site 2 Lepidocrocite 0.370 0.530 0.000 39.2 40.2
HFD site 1 a-Fe -0.036 0.000 33.0 2.4 2.5
HFD site 2 Maghemite 0.300 0.000 49.7 0.9 21.8 22.3
HFD site 3 Maghemite 0.330 0.000 47.5 2.5 14.5 14.9
HFD site 4 Goethite (m) 0.370 -0.120 30.2 11.7 11.4 11.7
CP20403 QSD site 1 Nanophase 0.361 0.844 0.148 13.6 14.0
QSD site 2 Lepidocrocite 0.370 0.530 0.000 41.4 42.7
HFD site 1 a-Fe -0.029 0.000 33.1 3.0 3.1
HFD site 2 Maghemite 0.300 0.000 49.7 1.0 20.3 20.9
HFD site 3 Maghemite 0.330 0.000 47.5 2.5 12.5 12.9
HFD site 4 Goethite (m) 0.370 -0.120 29.2 10.4 9.2 9.5
CP20406 QSD site 1 Nanophase 0.347 0.631 0.234 51.6 54.3
QSD site 2 Lepidocrocite 0.370 0.530 0.000 19.5 20.5
HFD site 1 a-Fe 0.011 0.000 33.0 4.9 5.1
HFD site 2 Maghemite 0.300 0.000 46.6 2.3 5.1 5.4
HFD site 3 Maghemite 0.329 0.000 49.8 0.9 10.2 10.7
HFD site 4 Goethite (m) . 0.370 -0.120 27.7 7.3 8.7 9.1
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Table 32. Hyperfine parameters of corrosion products formed on carbon steel obtained 
from Mossbauer spectra recorded at 300K
Sample Component Oxide IS
(mm/s)
A (e) cr(A) B 
(mm/s) (mm/s) (T)
<*(B)
(T)
Area
(%)
Area (N)
(%)
CP20502 QSD site 1 Nanophase 0.340 0.838 0.119 10.8 11.8
QSD site 2 Lepidocrocite 0.370 0.530 32.0 34.8
HFD site 1 a-Fe 0.001 0.000 33.1 8.1 8.8
HFD site 2 Maghemite 0.300 0.000 49.6 1.2 33.7 36.7
HFD site 3 Maghemite 0.300 0.000 45.3 2.9 11.3 12.3
HFD site 4 Goethite (m) 0.370 -0.120 23.7 5.2 4.0 4.4
CP20503 QSD site 1 Nanophase 0.350 0.837 0.088 10.8 11.1
QSD site 2 Lepidocrocite 0.370 0.530 38.7 39.7
HFD site 1 a-Fe -0.033 0.000 32.9 2.5 2.6
HFD site 2 Maghemite 0.300 0.000 49.7 1.0 23.2 23.8
HFD site 3 Maghemite 0.330 0.000 47.5 2.5 12.9 13.2
HFD site 4 Goethite (m) 0.370 -0.120 29.7 10.6 11.8 12.1
CP20506 QSD site 1 Nanophase 0.351 0.579 0.240 69.0 72.0
HFD site 1 a-Fe -0.012 0.000 33.0 0.0 4.1 4.3
HFD site 2 Maghemite 0.300 0.000 50.1 0.9 7.0 7.3
HFD site 3 Maghemite 0.330 0.000 48.2 2.0 7.4 7.7
HFD site 4 Goethite (m) 0.370 -0.120 27.6 8.2 12.5 13.0
types of steel after six months of exposure. Maghemite was detected only in traces from 
the previous exposure in 1997 as shown in Chapter IV. The relative fraction of magnetic 
goethite (m) decreased from 11% to 9 % for the US weathering steel while it increased 
from 4% to 13% for the US carbon steel as the exposure time increased from one to 6 
months.
Transmission Mossbauer analysis o f the corrosion products on both weathering 
and carbon was carried out at 77 K, and the fitted spectra are shown in Figures 61 and 62 
and the fit parameters are presented in Tables 33, 34. The low temperature spectra
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consisted of three components namely, a doublet and a sharp sextet and a broadened 
sextet. As discussed in Chapter IV, the doublet was fitted to two components:
1) a sharp doublet corresponding to lepidocrocite with a quadrupole splitting A= 0.56
mm/s
2) broadened doublet with an average quadrupole splitting of A = 0.70+0.10 mm/s 
which was attributed to superparamagnetic nanophase goethite (s2) and/or 
ferrihydrite and/or small particle lepidocrocite.
The sharp sextet at 77 K corresponded to maghemite with hyperfine fields of 52.9 
T and 51.1 T. The broadened sextet was fitted to a distribution of average hyperfine field 
of 48 T with a field distribution of 3 T. The fit parameters for the broadened sextet 
corresponded to that of nanophase goethite (m+sl) with a particle size > 10 nm and 
having a  distribution of particle size. For both types of steel, as the exposure time 
increased from one to six months, the relative fraction of goethite and lepidocrocite 
increased while the fraction of maghemite decreased, as shown in Table 35. For the 
weathering steel the relative fraction of lepidocrocite increased from 33% to 38% and the 
relative fraction of goethite (m+sl) increased from 17% to 27 % as the exposure time 
increased from one to six months. During the same period, the relative fraction of 
maghemite decreased from 40% to 14%. For the Same exposure period of US carbon 
steel, the relative fraction of lepidocrocite decreased from 31% to 13%, and goethite 
(m+sl) increased from 11% to 15% . The relative fraction of maghemite decreased from 
45% to 16%. The relative amounts of nanophase goethite (si) in carbon and weathering 
steels were different.
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Figure 61. TMS Spectra recorded at 77K of corrosion coatings, formed on weathering 
steel.
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Figure 62.TMS Spectra recorded at 77K of corrosion coatings, formed on carbon steel.
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Table 33. Hyperfine parameters of corrosion products formed on weathering steel 
obtained from Mdssbauer spectra recorded at 77K
Sample Oxide IS A(e) 
(mm/s) (mm/s)
<J(A)
(mm/s)
B
(T)
°(B)
(T)
Area
(%)
Area (N)
(%)
CP20401 Nanophase 0.493 0.744 0.005 8.7 9.5
Lepidocrocite 0.480 0.560 0.000 30.2 32.9
a-Fe 0.053 0.000 33.3 8.3 9.1
Maghemite 0.480 0.000 52.8 0.2 16.8 18.3
Maghemite 0.430 0.000 50.9 0.8 20.1 21.9
Goethite (m+sl) 0.470 -0.120 48.2 2.8 15.8 17.2
CP20402 Nanophase 0.479 0.800 0.098 7.3 7.6
Lepidocrocite 0.480 0.560 0.000 35.2 36.7
a-Fe 0.092 0.000 33.4 4.2 4.3
Maghemite 0.480 0.000 52.9 0.0 10.2 10.6
Maghemite 0.430 0.000 51.2 1.2 27.5 28.7
Goethite (m+sl) 0.470 -0.120 47.6 2.9 15.6 16.3
CP20403 Nanophase 0.464 0.706 0.132 12.3 12.8
Lepidocrocite 0.480 0.560 0.000 33.2 34.6
a-Fe 0.007 0.000 32.5 4.1 4.3
Maghemite 0.480 0.000 52.8 0.3 11.9 12.4
Maghemite 0.430 0.000 50.9 1.4 21.0 21.9
Goethite (m+sl) 0.470 -0.120 47.9 3.1 17.5 18.3
CP20406 Nanophase 0.469 0.697 0.003 19.7 21.4
Lepidocrocite 0.480 0.560 0.000 34.6 37.6
a-Fe 0.009 0.000 32.6 8.1 8.8
Maghemite 0.480 0.000 52.3 0.6 7.7 8.4
Maghemite 0.430 0.000 49.0 0.8 4.9 5.3
Goethite (m+sl) 0.470 -0.120 48.0 2.7 24.9 27.1
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Table 34. Hyperfine parameters of corrosion products formed on carbon steel obtained 
from Mossbauer spectra recorded at 77K
Sample Oxide IS
(mm/s)
A(e) 0(a) 
(mm/s) (mm/s)
B
(T)
0(B)
(T)
Area
(%)
Area (N)
(%)
CP20502 Nanophase 0.440 0.719 0.060 7.8 8.5
Lepidocrocite 0.480 0.560 28.3 30.9
a-Fe 0.119 0.000 33.7 0.0 8.5 9.2
Maghemite 0.480 0.000 53.1 0.0 10.0 10.9
Maghemite 0.430 0.000 51.4 1.0 31.3 34.2
Goethite (m+sl) 0.470 -0.120 48.4 2.7 14.1 15.4
CP20503 Nanophase 0.470 0.700 0.100 10.2 10.5
Lepidocrocite 0.480 0.560 31.1 32.1
a-Fe 0.000 0.000 33.0 3.1 3.2
Maghemite 0.480 0.000 52.9 0.0 9.0 9.3
Maghemite 0.430 0.000 51.2 1.3 25.4 26.2
Goethite (m+sl) 0.470 -0.120 48.2 2.6 21.1 21.8
CP20506 Nanophase 0.470 0.700 0.100 41.2 43.2
Lepidocrocite 0.480 0.560 12.0 12.6
a-Fe 0.000 0.000 33.0 4.7 4.9
Maghemite 0.480 0.000 52.8 0.5 1.7 1.8
Maghemite 0.430 0.000 50.0 1.4 13.9 14.6
Goethite (m+sl) 0.470 -0.120 47.9 2.8 26.5 27.8
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For the weathering steel the ratio of nanophase goethite to total fraction of 
goethite in the corrosion coating increased from 38% to 66%. For carbon steel the ratio 
decreased from 71% to 45% and then increased to 53. At the end of 6 months weathering 
steel had 66% nanophase goethite, while carbon steel had 53%.
Table 35. Relative fraction of the oxides from 77K spectrum for weathering steel and 
carbon steel coupons
M , Fraction of
c  a-FeOOH y-FeOOH y-Fe20 3 ^ ° ? 7 aSe Nanophase
« Jiixoosixro \_/XiCiS .•« • ,Sample JT. __________________________________ Goethite
me m si (m+sl) (si/(m+sl))
(Months) (%) (%) (%) (%) (%)
CP20401 1 10.7 6.5 17.2 32.9 40.3 9.5 37.8
CP20402 2 11.7 4.6 16.3 36.7 39.3 7.6 28.2
CP20403 3 9.5 8.8 18.3 34.6 34.3 12.8 48.1
CP20406 6 9.1 18 27.1 37.6 13.7 21.4 66.4
CP20502 2 4.4 11 15.4 30.9 45.1 8.5 71.4
CP20403 3 12.1 9.7 21.8 32.1 35.5 10.5 44.5
CP20406 6 13 14.8 27.8 12.6 16.4 43.2 53.2
5.3.5 Micro-Raman Measurements
Micro-Raman analysis of the corrosion coatings confirmed the layering of oxides 
in both steel types as observed from optical microscopy. Figure 63-70 shows the spot 
scan micro-Raman spectra for weathering steel and carbon steels exposed up to 6 months. 
The scan was recorded from the coating surface inward toward the steel. The coatings 
were bi-layered. The outer layer was mainly composed of lepidocrocite (y-FeOOH). 
However occasionally a mixture of lepidocrocite and goethite was also found in the outer 
layer.
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Large clusters predominantly composed of maghemite (y-Fe203) were observed as 
intermediary layers/zones between the outer and inner layers. The innermost layer 
consisted of superparamagnetic goethite (a-FeOOH). Visually striking was the color 
difference between the outer layer consisting of lepidocrocite and intermediary zones 
consisting of maghemite. The regions containing maghemite were bright yellowish-white 
in color. In earlier work on long-term atmospheric corrosion reported by Oh and also 
short-term atmospheric corrosion of carbon steel, maghemite was detected only in tiny 
islands not accounting for more than 5% of the coating composition. From earlier 
exposure in 1997, the total amount of maghemite was estimated to be only 1% of the total 
oxide composition. However during this exposure, the corrosion coatings of the coupons 
showed large bright yellow zones corresponding to maghemite, which accounted for 
nearly 35-40% of the coating composition. It was also interesting to observe that the 
thickness of the maghemite layer decreased as the exposure time increased in both types 
of steel. Furthermore the thickness of innermost layer consisting of superparamagnetic 
goethite increased as the exposure time increased. As the exposure time increased from 
one month to six months, maghemite that initially formed, was either not forming 
anymore or constantly transformed into other oxides in the corrosion coatings.
5.5 Discussion
The corrosion coatings of all the coupons comprised mainly of lepidocrocite, 
goethite and maghemite. Akaganeite was not detected, which was consistent with the 
results presented in Chapter IV. Mfissbauer spectra indicated that lepidocrocite, goethite 
and maghemite were the dominant oxides found in the corrosion products that formed.
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Figure 63. Micro-Raman scan for sample CP20401.
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Figure 64. Micro-Raman scan for sample CP20402.
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Figure 65. Micro-Raman scan for sample CP20403.
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Figure 66. Micro-Raman scan for sample CP20406.
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Figure 67. Micro-Raman scan for sample CP20501.
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Figure 68. Micro-Raman scan for sample CP20502.
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Figure 69. Micro-Raman scan for sample CP20503.
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While estimating the relative amounts of each oxide, the area under the doublet at 
77 K does not necessarily correspond directly to the amount of each oxide. Therefore, the 
relative fraction of each oxide in the corrosion products was estimated in manner similar 
to that described in Section 4.5 of Chapter IV. It can be seen that during earlier exposure 
in 1997 at CP2, the fraction of maghemite was not more than 1% in the corrosion 
products formed on carbon steel coupons. Furthermore, maghemite was only found in 
small clusters similar to the results from 1993 exposure [14]. However during the latest 
exposure in 1998-99, nearly 40% of maghemite was detected in US weathering steel at 
the end of two months of exposure and 45% was detected in US carbon steel at the end of 
two months of exposure. The relative fraction of maghemite decreased to nearly 15% in 
both weathering steel and carbon steel at the end of 6 months of exposure.
50 -,  .........  _ _ 600
40 - - 500
30
- 400 1a
tfl
20 -
- 300 I
£
©
— Weathering Steel \ 7 \ * 200 |  H
10 - Carbon Steel 
—A— Time of Wetness 100
0 - - 0
1 2  3 6
Exposure Time (Months)
Figure 7) .Decrease in the relative amount of maghemite and time-of -wetness as a 
function of exposure time in both carbon steel and weathering steel.
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It was interesting to observe that while the fraction of maghemite decreased with 
exposure time, the relative fraction of lepidocrocite and goethite increased in both types 
of steel. With increasing exposure time, the time o f wetness at the site decreased from 
402 hours for month one to 129 hours at the end of month six of exposure. During the 
first month of exposure, the high time of wetness provides enough humid environment, 
which retards the diffusion of oxygen from the air to metal thus favoring the formation of 
large amounts of maghemite [65]. As the time of wetness decreases, it is believed that dry 
conditions enhance the oxygen diffusion through oxides and favors the formation of 
goethite crystals. The current results are in agreement with the results observed from the 
analysis of corrosion products formed on the Luling Bridge, LA, which is a weathering 
steel bridge [66], The corrosion products formed on Luling Bridge showed a general 
trend in which the maghemite fractions were large in the inner sections of the bridge 
where the time of wetness was very high due to lack of air circulation and condensation 
of moisture on the steel, and lower amounts of maghemite on other sections of the bridge 
that were subjected to more wet dry cycling [66]. The sections of bridge that contained 
large amounts of maghemite were subjected to high time-of-wetness. It was also found 
that increased amounts of nanophase goethite were present where maghemite 
concentrations were low. The corrosion coatings were also well adherent along these 
sections of the bridge that had large fractions of nanophase goethite. Raman et al., have 
showed that along the sections of the Luling Bridge where the local time of wetness was 
high, the corrosion products were very porous [67].
To help understand the current set of exposure data, it must be noted that the 
exposures in 1999 started in December, a month of high rainfall activity along the
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Yucatan Peninsula, while the previous exposure in 1997 started in May, a dry and hot 
season. The environmental data for 1999 exposure showed that the time of wetness was 
the highest during the first month of exposure at 402 hours. This may have initiated the 
growth of maghemite phase. The decrease in time of wetness, from 402 hours to 129 
hours, with increasing exposure time is believed to have favored the nucleation of new 
goethite seeds, rather than maghemite crystal growth. However the exact effect of time- 
of-wetness in influencing the formation of maghemite as opposed to the formation of 
goethite still remains to be seen.
While the fraction of goethite increased in both US weathering steel and carbon 
steel, it was interesting to note the change in the amount o f nanophase goethite that 
formed as a function of exposure time. At the end of two months o f exposure, fraction of 
goethite (m+sl) in carbon steel and weathering steel were 15% and 16 % respectively. 
Out of the 16 % of the total goethite detected in the corrosion products of carbon steel 
carbon, large particle goethite (m) accounted for 4% of the fraction of total goethite and 
remaining 11% was nanophase goethite (si). For the weathering steel out of the 16% for 
total fraction of goethite, 11% was large particle goethite (m) and the remaining 5% was 
nanophase goethite. Therefore the relative ratio of nanophase goethite (si) to the total 
fraction of goethite (m+sl) steel was determined to be nearly 72% in carbon steel and 
38% in weathering steel. However, at the end of 6 months, the fraction of large particle 
goethite (m) increased to 13% in carbon steel while it decreased to 9% in weathering 
steel. At the same time the fraction of nanophase goethite (si) increased to 15% in carbon 
steel and 18% in weathering steel. The relative ratio of nanophase goethite (si) to the 
total fraction of goethite (m+sl) in the corrosion products increased to 53% in carbon
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steel while it increased to 66% in weathering steel at the end of six months of exposure as 
indicated in Figure 72. Even though both the weathering and carbon steel contain 
nanophase goethite, the difference in the relative amounts of nanophase goethite formed 
is clearly seen even in early stages of exposure. This suggests that initially as the steels 
start corroding, (upto 3 months) nanophase goethite forms in both weathering steel and 
carbon in nearly equal amounts. With further exposure, the crystals of nanophase goethite 
that initially formed in carbon steel continue to grow to become large particle goethite 
while in weathering steel, a large fraction of nanophase crystals that initially formed 
remain as nanocrystals. Nucleation of new crystals of nanophase goethite dominates the 
crystal growth in weathering steel. The rate of nucleation of new nanophase goethite 
crystals is higher in weathering steel compared to carbon steel as evidenced by the 
increase in the relative fraction of nanophase in goethite in both types of
(Weathering Steel 
"arbon steel
o<L>
I  40
2 20
2 3
Exposure Time (Months)
Figure 72. Relative fraction of nanophase oxides found in the corrosion coatings of 
carbon steel and weathering steel.
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steel (74% in weathering steel vs 61% in carbon steel). The presence of alloying 
elements control the crystal growth of nanophase goethite in weathering steel. From the 
analysis of synthetic chromium substituted data presented in Chapter III, it was clearly 
noticed that the particle size of goethite was controlled by the amount of chromium 
substitution. As the chromium concentration increased the particle size of nanophase 
goethite got smaller. Electron Probe Micro Analysis (EPMA) on corrosion coatings of 
weathering steels from long-term atmospheric exposures have shown the presence of 
substitutional elements like Cr in the inner layers o f corrosion coatings where large 
fractions of nanophase goethite was detected [47]. Micro-Raman data from current short­
term exposure showed that large fractions of nanophase goethite were detected in the 
inner layer of corrosion coatings. Since nanophase goethite was detected in both carbon 
steel and weathering steel, current data analysis suggests that the initial formation of 
nanophase goethite does not necessarily require the presence of alloying elements like 
chromium and copper. However, the presence of alloying elements in weathering steel 
tends to promote further nucleation of new crystals as opposed to crystal growth.
The corrosion rate for carbon steel was measured to be nearly 1.07 mils/y/surface, 
a rate higher than weathering steel that had a rate of 0.89 mils/y/surface. The short-term 
exposure data supports the discussion predicting low corrosion rates for weathering steel 
compared to carbon steel. Optical measurements show that at the end of six months of 
exposure the thickness of the corrosion coating is higher in weathering steel compared to 
carbon steel. As expected weathering steel starts to corrode faster than carbon steel 
initially. However, at the end of nine months o f exposure, the coating thickness of carbon 
steel (-65 pm) is higher than weathering steel (-50 pm) as seen in Figure 55. Therefore
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at the end of one year the mass loss from carbon steel is greater compared to weathering 
steel. Even though weathering steel starts to corrode faster than carbon steel initially, 
results from Mossbauer measurements together with those from micro-Raman analysis 
show that with increasing exposure time large fractions of relative amount of nanophase 
goethite found in the inner layer of the corrosion coating of weathering steel seems to 
retard the rate of corrosion of weathering steel. In other words, the corrosion rate in 
weathering steel gets reduced as the thickness of inner layer increases with the formation 
of more of nanophase goethite while it is not the case in carbon steel. This feature is very 
similar to what is seen from long-term exposure atmospheric corrosion of weathering 
steel [14,46,47].
A well-protected coating must have large amounts of nanophase goethite and the 
current data from short-term exposures show that large fractions of nanophase goethite 
form when the time of wetness is the lowest. Therefore, it is suggested that, to form a 
protective layer exposures of weathering steel should be started during drier seasons.
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CHAPTER VI 
SUMMARY
6.1 Conclusions
This dissertation project was designed to study the effect of short-term 
atmospheric corrosion of structural steels in Mexico in order to
• improve the overall understanding of the formation and transformation of oxides on 
steels
• evaluate the performance of weathering steel and carbon steel in marine environments 
right from early exposure stages
• compare the similarities and differences between short-term and long-term corrosion
• study the role of nanophase oxides in atmospheric corrosion.
The goals of the project were achieved in three modes. Firstly, a study of Mexican 
carbon steel coupons exposed for short-terms (less than a year) was undertaken to 
characterize the corrosion products as a function of exposure time. The results were then 
compared with previously research data on long-term atmospheric corrosion. The next 
step in achieving the goal was to compare the performance of weathering steel and 
carbon steel, and finally the role of nanophase goethite in controlling the corrosion rates. 
Crystallographic, magnetic and morphological properties o f nanophase chromium 
substituted goethite were characterized in order to understand the protective nature of 
chromium-substituted goethite in a naturally weathered steel surface.
Spectroscopic investigation of the corrosion products of both carbon and 
weathering steel indicated that lepidocrocite and goethite were the predominant oxides to
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form following short-term exposures. During the initial months of exposure, weathering 
steel corroded faster than carbon steel. However, at the end of one year, the corrosion rate 
for carbon steel was higher than weathering steel. Akaganeite did not form from both the 
exposures, even though the exposure locations were in a marine environment. The 
chloride concentrations measured during the reported exposures was low (SI). Exposures 
started during Dec-Jan showed significant amounts of maghemite in the oxide 
composition. The relative fraction of maghemite decreased with increasing exposure time 
and lower time of wetness. However, the amount of nanophase goethite increased in both 
steel types with increasing exposure time. Exposures started in May did not show the 
presence of significant amounts of maghemite.
The corrosion coatings were well layered for exposure times as early as 2 months. 
The layering was very similar to that observed on steel coupons exposed for more than 8 
years. The outer layer was composed of lepidocrocite and occasionally goethite. The 
inner layer was mainly composed of nanophase goethite. The relative fraction of 
nanophase goethite was significantly higher in weathering steel compared to carbon steel. 
The magnetic hyperfine field and hence the particle volume of oxides formed on both 
types of steels increased with time. The distribution in particle volume decreased with 
exposure time. The data analysis also revealed that in carbon and weathering steel, 
nanophase goethite initially form in nearly equal amounts as the steels start corroding. 
However, at the end of 6 months, the nanophase goethite formed on carbon steel was 
approximately 53% compared to a 66 % ratio for weathering steel. This can be explained 
by the fact that a significant fraction of nanophase goethite that initially formed continues 
to grow into bigger crystals while in weathering steel, a significant fraction of nanophase
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goethite crystals that initially formed do not grow. It is proposed that alloying elements 
like chromium inhibit the crystal growth in weathering steel and the crystallographic and 
spectroscopic data from synthetic chromium goethite was in support of this argument.
The particle size of synthetic goethite measured from Mossbauer Spectroscopy 
and TEM indicated a reduction in particle size with increasing chromium substitution. 
The mean hyperfme field of goethite measured at 77 K decreased quickly for chromium 
substitutions up to 3 wt. % and then remained constant for further increase in chromium 
concentrations. The reduction in mean hyperfine field of goethite was attributed to both 
increasing chromium concentrations and presence of distribution of particle size in the 
sample. Estimation of mean crystallite dimension from Warren-Averbach analysis for 
synthetic goethite was consistent with the measurements from Mbssbauer spectroscopy 
and TEM. However the latter two techniques measure the particle size while, X-ray 
diffraction measures the crystallite size. The data analysis also showed that as the 
chromium concentration increased, the particle size was comparable to crystallite size 
indicating that a large particle is comprised of several crystallites. The data from this 
research can be used to extract information about particle volume of nanophase goethite, 
and the amount of chromium concentration in the inner layer of a naturally weathered 
coating of alloyed steels.
6.2 Recommendations for Further Studies
The research results presented in this dissertation have provided a better 
understanding on the short-term atmospheric corrosion of carbon and weathering steels 
and the role of nanophase oxides in short-term atmospheric corrosion. Spectroscopic
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research on synthetic chromium substituted goethite has given some important
information about the influence of chromium in controlling the particle size of goethite.
However, there are some recommendations for further study which are listed below
• The Mossbauer measurements of corrosion products need to be performed at 4K in 
the presence of applied field to completely resolve the components hidden in the 
doublet at 77 K
• Determination of a threshold amount of chloride concentration required to form 
akaganeite would be immensely useful to predict whether akaganeite would form in 
marine locations
• The exposures of carbon steel and weathering steel should be continued for up to 2 
years or more to monitor the transformation of oxides that initially formed in specific 
environments
• The effect of time-of-wetness in initiating the formation of maghemite and goethite 
needs to be understood
• Spectroscopic investigations of synthetic goethite with different elemental 
substitutions would be very useful in characterizing the influence of other alloying 
elements like Cu, Ni in controlling the particle size of goethite and hence the 
corrosion rates of weathering steels
• A study of pure goethite and chromium substituted goethite of different particle sizes 
with no size distributions would be very useful in determining the variation of 
hyperfine field with particle size. The data can be used to calculate the anisotropy 
constant as a function of particle size.
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• Determination of magnetic transition temperature for pure and chromium substituted 
goethite with known distribution in particle size would be an interesting study to 
characterize the variation of Neel temperature with particle volume
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